Pressure distribution in the structure of a propagating current sheet by York, T. M.
General Disclaimer 
One or more of the Following Statements may affect this Document 
 
 This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 
 
 This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 
 
 This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 
 
 This document is paginated as submitted by the original source. 
 
 Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 
 
 
 
 
 
 
 
Produced by the NASA Center for Aerospace Information (CASI) 
https://ntrs.nasa.gov/search.jsp?R=19690014159 2020-03-12T03:49:38+00:00Z
.P
% — — — 1 1
Y
u9-235 eju
=	 IACCEBBIUN,^/N/UMBER	 ITM/RU)
On	 66A/ ` .5/
f	 IPAGEO)	 ICODEI
(NASA CR OR TMX OR AG NUMBER)	 ICATEOIORY)
PRINCETON U^TIV ERSITY
DEPARTMENT OF
EROSPACE AND MECHANICAL SCIENCES
^P	 a1
4
NASA Research Grant NGL-31-001-005
(Supplement 6)
Prepared for
National Aeronautics
and Space Administration
PRESSURE DISTRIBUTION IN
THE STRUCTURE, OF A
PROPAGATING CURRENT SHEE1.11
Report 853*
Prepared by
Thomas M. York
Approved by -
	
-I//,.
Robert G J§^hn
Professo^ A Aerospace Sciences
and Research Leader
This report is a reproduction in entirety of the Ph.D. disser-
tation of Mr. Thomas M. York. It is submitted to the sponsor
and to the distribution list in this form both as a presentation
of the technical material, and as =,,tn indication of the academic
program supported by this. Grant.
Repoduction, translation, publication, use and disposal in whole,
or in part, by or for the United States Government is permitted.
December 1968
School of Engineering and Applied Science
Department of Aerospace and Mechanical Sciences
Guggenheim Aerospace Propulsion Laboratories
PRINCETON UNIVERSITY
Princeton, New Jersey
ABSTRACT
The structure of a current sheet propagating into
ambient argon is studied experimentally and analytically. The
current sheet in a linear z-pinch device is examined experi-
mentally with a specialized high-speed pressure transducer,
magnetic, electric and voltage probes, along with the photog-
raphy of discharge luminosity. The pressure probe is used to
measure profiles of axial and radial pressure at a single point
in the chamber; this data is time-correla y-ad with electric and
magnetic field profiles.
The experimental results indicate a discontinuous com-
pression followed by a sharp expansion within the sheet struc-
ture. From reduced profiles of pressure, current density,
along with electric and magnetic fields, several distinct zones
are definable within the sheet.; in sequence, regions of electron
current conduction (I), mass accumulation (II), and induced flow
of unswept gas (III) are dominant. Profiles of particle den-
sity,, temperature, and velocity zxe evaluated. From these re-
sults, ions are identified as the current carriers in the rear
of the sheet (II)	 The current sheet is found to entrain a
large percentage of gas. A balance of momentum and energy is
carried out, with the resultant identification of loss mechanisms
The distributions of current and mass densities within the sheet
do not agree with proposed piston-shock wave models however,
1
they do indicate the dominant mechanisms within each of the
sheet regions, providing a more exact basis for theoretical	 i
f
analysis of 'current sheet structure.
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1CHAPTER l
INTRODUCTION
The techniques of pulsed plasma acceleration have
demonstrated unique potential for application to the problem
of high performance space propulsion. The development of such
a propulsion system, however, will require a detailed under-
standing of the interaction of a transient electromagnetic dis-
charge with a low density gas. The difficulties involved in
reaching this understanding are perhaps most clearly illustrated
by noting similarities of the pulsed electric propulsion prob-
lem with those of the yet unsolved controlled thermonuclear re-
action problem. Clearly, the goals of the fusion effort are
the containment and heating of a gas, whereas gas acceleration
and ejection are the objectives in any propulsion system. Yet
both of these applications utilize the same type of electromag-
netic mechanism: large discharge currents interacting with
their self-induced magnetic,; fields. The objective of a tran-
sient plasma propulsion device is to attempt to exploit the
inherently vapid transfer of stored electrical energy to ,a gas
propellant in such a manner; that will optimize the energy in
directed gas motion.
A number of both pinch dInd rail devices have been de-
veloped in order to study the electromagnetic interaction
2mechanism. Typically these devices produce a ► diffuic.te "sheet"
discharge which; propagates through the ai rnbient gas, ',:)ut the die-
tails of this sweeping process are not y( D,.,t clearly t; nderstood.
For an accelerator system the critical questions are how the
current sheet interacts with the overrun gas and, most impor-
tantly, how much ambient gas becomes entrained within the sweep-
ing sheet. These are the que-, ,s t ions to wh ',ich this work is
addressed.
Earlier work directed toward analyzing current sheet
interaction has progressed from the c.,onsiderataLon of otyerall
sheet dynamics, to internal sheet stxucture, to the combined
structure and dynamics problem. In eac.,h of these cases a model
was presumed that predicted mass disi:ribution within Cae,sheet
system, but exact experimental confirmation of this im1portant
variable was not possible because of the resolution of avail-
able instruments. Specifically, the earliest model, proposed
by Rosenbluth (1), was that of the current sheet acting as an
im,permeable piston. As such, it was envisioned as sweeping up
all the gas it encountered and compressing it into a thin layer
on the piston surface; this has been picturesquely refi. :., rred to
as the "snowplow" model. It allows for conservation of mass
to be satisfied and uses conservation of momentum to relate the
driving j x B mechanism to sheet dynamics. For all its sim-
plicity, it has been found to be in general agreement with ex-
perimental sheet trajectories. With this agreement came accep-
tance of the concept of a current sheet piston; the log^*Lcal
extension of the model to include finite compressibility of the
I
:M	
.:J
3gas and the related pistovi driven shock waves was also devel-
oped (e.g., (2)). However,, some expermental evidence of mass
distribution became available [31 with the declassification of
fusion research and publication of Russian work in this field.
Attempts at measuring pressures in a dynamic z-pinch ex-
periment using piezoelectx;ic probeia did not indicate pressure
discontinuities preceding the current sheet but followi.na the
current conduction 'gone, at variance with the con:-,ept of a cur-
rent sheet piston driving av shock. The urrent sheet interaction
problem received more careful attention from such workers as
l►ovberg (e.g., [4,5]).. who attempted to develop a more cons s-
tent experimental=-analytica.1 sheet structure model. However,
in this work mash ► distribution was still inferred from electro-
magnetic measurements. In an attempt to develop a more com-
patible sheet structure, the pressure sensing technique men-
tioned earlier (3) was incorporated into a generally self-con---
s istent study of current sheets by Vl,4sos [,.6 ,:71, Sorrell (8),
arjC& Hoffman (9)
	 The instruments used suffered from lack of
absolute resolution and only tii<<e of arrival of the pressure
discontinuity was felt to be acceptable. The approach used
was one of varying gas type and discharge parameters affecting
the sheet dynamics in an attempt to achieve sheet-shock sepa,-^
ration. A broad cons,iderat:'Lon of the current sheet interaction
problem has also been carried out at Princeton by Jahn and .his
group (e.g., [10 to 14]). Specifically, the work of Black [112]
establishedished the re levanr,.e of the snowplow formulation for dis
P^
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charges driven by pulse-forming net,aorks. A detailed experi-
mental study using electric and magnetic probes provided the
basis for a sheet structure model proposed by Burton [13].
Further, an experimental study of the current sheet using re-
fleeted microwave measurements resulted in a prediction of
current partition by Ellis [141.
While the understanding of dynamic electrical dis-
charges has been significantly enhanced by recent efforts, it
is clear that no approach is yet self-consistently complete.
Rather, it is evident., from each analysis that a knowledge of
mass distribution would immeasurably aid the proper formulation,
of the sheet structure. Unfortunately, as implied above, stan-
dard density sensing techniques are not satisfactory for sheet
diagnostics, typically because of such effects as the high
degree of nonequilibrium or probing sensitivity to electron
rather than heavy particle behavior.
In this perspective, the application of pressure sensing
technique to the mass distribution problem appears most promis-
ing. The significance of determining the distribution of pres-
sure within the current sheet lies clearly in its relationship
to particle density and velocity distributions. - Accordingly,
it the work to be presented will detail the development of a pres-
,: t
sure sensing device with satisfactory
	  resolution, its use in
probing the current sheet environment, and the development of
a current sheet model that is consistent with the observed
	 r
distributions of pressure.
l'
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CHAPTER 2
APPARATUS AND EXPERIMENTAL PARAMETERS
2.1 INTRODUCTION
The study of dynamic current sheets will be based on
detailed experimental results. While a number of devices are
capable of providing gas accelerating discharges [15], the
large- radius linear pinch discharge was chosen for the present
investigation because of its conceptual simplicity and experi-
mental convenience. The discharge chamber was of a cylindri-
cal shape with electrode end walls and insulator sidewalls.
A voltage applied across the electrodes produced a uniform
cylindrical discharge at the outer radius which collapsed
toward the center by self-field j x B interaction. This device
has been shown to provide a vigorous highly-reproducible dis-
charge pattern, an optir:tum configuration for conservation of
magnetic flux, accessibility of the current sheet to probing,
and a discharge geometry that is analytically simple.
2.2 DISCHARGE APPARATUS
The main components of the discharge apparatus Were
the cylindrical discharge chamber mentioned above, a gas-trig-
gered switch, and a capacitor bank distributed along a trans-
mission line. The particular system used during the experiments
s
6resulted from a study of pulse-forming networks and has been
described in detail elsewhere C12]. The ability to alter the
circuit current waveform in this machine from the standard
lumped bank sinusoidal. waveform was a significant element in
generating an optimum current sheet for study. Briefly,
(Fig: 2-1), the discharge chamber was 8 inches in diameter and
2 inches high. The electrodes of 3/4 -in. thick aluminum were
separated by a 1/4-in. thick Pyrex sidewall. Both the outer
(ground) electrode and the sidewalls were fitted to accept
various internal probes. The switch,'.unit (16) was also a pinch
chamber, similar to that of the main discharge except fora
Plexiglas insert to inhibit complete pinching. The switch
operated by providing an open circuit when the internal ,pres-
sure was maintained below a few microns, the discharge was ini--
tiated by injecting a puff of gas which allowed switch breakdown
and transfer of the bank potential to the main chamber. The
electrical energy was stored 4- a bank of 20 capacitor units
with nominal 2.5 F f capacitance and 15 nh inductance, rated to
_10 kv. The apparatus utilized a transmission line consisting
of a pair of opposed sets of parallel plates to which the ca-
pacitors were connected. The transmission line was fitted with
40 linearly spaced capacitor stations so that the circuit cur-
rent waveform could be controlled by varying circuit inductance
through capacitor positions.
2.'3 SUPPORTING EQUIPHlENT
i
The Operation of the pinch discharge apparatus required
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FIGURE 2-1
8several support components. The system was operated at low
pressures and the vacuum was maintained by a mechanical pump;
a working ,limit of several microns was standard. System pres-
sures were monitored with a standard Piran„^, gauge with a range
of 1 to 2000 µ Hg; it was periodically calibrated against a
McLeod gauge to insure its accuracy. Data was generally re-
corded photographically from Tektronix Type 555 dual-beam os-
cilloscopes using Type L and G plug-in units to preamplify the
signals.
The intensity of the discharge resulted in the radi-
ation of high-frequency "noise" signals and lower frequency
shifts in ground potential. In order 'to record undistorted
data, a number of precautions had to be taken. Generally, all
probe leads were shielded coaxial cable having characteristic
impedances of 50, 93, or 185 ohms. The use of termination
with these cables to avoid spurious internal oscillations was
determined by signal, strength and signal-to-noise ratio. The
oscilloscopes themselves had to be shielded from this spurious
radiation by enclosing them within a metal-screened Faraday
cage.- In order to maintain an absolute ground, it was necessary
to connect both the discharge chamber and screen room to sepa-
rate, direct ground connections. Further, to avoid a low-fre-
quency ground circuit oscillation, the chamber and screen room 	
i
were connected by a short length of solid #8 cable, effectively
-j
{
substituting as a ground plane connection.
f
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2.4 GAS DISCHARGE CONDITIONS
The selection of an appropriate gas and ambient cham-
ber pressure was carried out essentially on the basis of par-
ticle energy considerations. In order to clearly establish
the possible modes of internal energy absorption and excita-
tion, the atomic noble gases are more appropriate than molecular
gases. Further, on the basis of the plasma propulsion applica-
tion, the relatively high molecular weight of argon and low
ionization potential (15.75 ev) makes it an attractive choice.
Regarding the pressure range of interest, it was found (12 to 14]
that discharges of the 50 µf capacitor bank charged to 10 kv into
ambient argon of 100 µ Hg ambient pressure produced discharges
with sharply peaked current density profiles and 3 to 5 µsec
pinch times; and accordingly, these conditions were selected
as most appropriate.
2.5 GENERA., CIRCUIT CHARACTERISTICS
The characteristics of the discharge apparatus can be
described most clearly by comparing the average circuit param-
eters for the components. As summarized by Black (13] for a
low pressure argon discharge	 I
Unit capacitance . . . . J.	 2.5-µff
Inductance of capacitor unit.
	 15 nanohenry
Line station-to- station
 inductance.
	 12 nanohenry	 I
Switch and network resistance .	 5 milliohm
Discharge plus switch inductance. .
	 5 nanohenry
Discharge impedance .	 . .	 . . . .	 5 milliohm
10
The capacitor units were connected into the transmission line
to form an LC ladder network with an .impedance of approximately
100 nanohenry. Clearly,, the effective inductance of the network
was primarily reactive rather than resistive. Further, because
the network inductance far exceeded the chamber inductance, the
circuit behavior was effectively decoupled from the dynamics of
the pinch discharge.
The shot-to-shot behavior of the discharge circuit was
monitored by recording measurements of circuit current waveform
with a Rogowski coil of standard design [17]. The coil was
placed around the outer circumference of the discharge chamber
and so produced a signal proportional to dI/dt, the time rate
of change of circuit current. Circuit current was then obtained
by use of a passive RC integrator- circuit. The calibration of
the Rogowski coil was carried out by discharging a lumped capac-
itor configuration to produce a damped RLC circuit. From known
voltage and capacitance and measured frequency and damping con-
stRnt, the calibration factor was inferred.
2.6 THE CIRCUIT CURRENT WAVEFORM
As noted above, the discharge of a lumped capacitor
bank into the pinch discharge chamber would produce a damped
t
sinusoidal ringdown of the familiar RLC'circuit. However, it
is possible for the pinch time to be greater than the half
cycle of the ringdown, depending upon the gas type and pres5ure
in the chamber. It has been shown- (12] that if the circuit
current reverses during the current sheet implosion, -a secondary	 `
11
breakdown will occur at the outer radius and decouple the pri-
mary sheet from the driving circu=it. It has further been noted
[12] that a slowly-rising driving waveform does not produce an
.intense, vigorous discharge. On this basis, a fast-rising
waveform that does not reverse prior to pinch is required to
study actively driving sheets. It is possible to meet these
restrictions with a low-inductance lumped-bank discharging into
a smal]. (5 in.' diameter chamber- with 120 p argon as demon-
strated by Burton (13). For a larger diameter chamber, it is
necessary to distort the sinusoidal waveform to avoid "crow-
barring" a second sheet. The µ-wave current sheet study carried
out by Allis [14) in an 8-in. diameter machine with 100 µ argon
driven by a 50 µf pulse-forming network utilized a constant-
ctaMrent waveform. While the constant current waveform is ana-
lytically convenient, it has been found to result in severe dis-
tortions of the imploding sheet. Specifically, the anode foot,
or bifurcation, phenomenon [18] is dominant with this pulse,
along with a high degree of irreproducibility in time of arrival
of the current sheet [14]
	
An indication of such behavior can
be seen by considering the expression for constant total (cir-
cuit) current as a function of sheet thickness ( b ) and cur-
rent density (j),
a
I	 21TR
For an imploding sheet, R decreases with time, and accordingly
S and/or j must increase with time; experimental evidence in- 	
r,
dicates a significant broadening of the current sheet with radius.
z
12
6
In order to avoid such difficulties, the pulse-forming
network was used to drive a circuit current that first rose
sharply and then decreased linearly until pinch (Fig. 2-2).
This waveform was found to produce a thin, intense sheet that
maintained approximately constant current density profiles over
its incursion at constant velocity. Such behavior indicates
I oe- R, and so the constant current density profile is in com-
plete agreement with the above anal ytical outline. The de-
tailed behavior of this current sheet will be considered again
in a more appropriate context.
hl
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CHAPTER 3
PRESSURE PROBE DEVELOPMENT
3.1 INTRODUCTION
A pressure sensing device that can be used within an
electrical discharge' apparatus must meet several stringent:
requirements. It must be electrically insulated from the
plasma environment and yet be capable of providing a signal
free of stress distortion; further, it must produce a signal
of sufficient strength so that it will not be distorted by
spurious electromagnetic pickup. Using standard transducing
techniques, there are several types of instruments that can
possibly be used in this environment. A state-of-the-art
survey of this subject has recently been published by Jones
and Vlases [19] and so a detailed discussion of the mechanical,
characteristics of each will not be presented here. However$
it is of interest to evaluate the performance of these probes
for possible application.
The event that is being investigated has been found to
occur (13,14)  on the time and space scales of 1 µsec and 1. cm,
i.e., sheet velocities of the order of 10 4 m/sec. strong
shock wave approximations for a shock driven under these con-
	 I
ditions indicate static pressure changes on the order of one
atmosphere. In order to probe such a discontinuity effectively,
is
measuremento both transverse and normal to the sweeping sheet
are necessary. Ideally then, a probe with a dimension of I mm
and rise time of 0.1 psec is indicated. Needless to say, such
a device is not commei^:cially available and so design of a
specialized instrument must be considered.
The capacitive gauge noted by Vlases [19] has a satis-
factory rise time and response period, but was designed for use
normal to a discontinuity and would not be useful to probe a,
transversely sweeping sheet because of induced internal stresses.
Further, experiments with a 1/2-in diameter capacitive device
indicated a poor signal-to-noise ratio.
The pressure-bar gauge as a plasma sensing device was
first utilized by Stern and Dacu q
 [20]. The active transducing
element is a wafer of piezoelectric material bonded, between rods
of acoustically matched material. The pressure pulse is picked
I
up at the end of a cylindrical rod, transmitted along the rod
to the crystal, and passes through to the backing rod section.
This gauge has a very significant advantage of small electro-
magnetic pickup due to the crystal-discharge separation, but
also suffers the severe disadvantage of signal delay and dis-Y
persion within the initial section of the acoul­.tically conduct-
ing bar. Some limits on the distortion due to three-dimensional
effects have been noted in the literature (17), and the distor-
tion due to thermal stresses have been analyzed by Measures [21].
The use of %ich a device in an inverse pinch has been reported
by Katsaros [22]. In any case, in order to resolve the internal
16
structure of a current sheet by simultaneous measurements, the
probes must operate with acceptable real-time delays of less
than 10-7 sec and so the pressure bar probe cannot meet the de-
mands of the present application.
In order to meet the above requirements on time resolu-
tion, the sensing element must obviously be in close contact
with the plasma. Accordingly, the direct-contact piezo-pres-
sure gauge appears most appropriate for sheet diagnostics.
The difficulties associated with this type of ?robe remain those
of providing adequate insulation and of generating sufficient
signal strength. Specifically, the sensing surface has usually
been insulated by :relatively thick coverings of Pyrex [6,23] or
metal and insulator [24], .resulting in real-time signal delays
on the order of several. tenths of microseconds and internal
stress oscillations that distort the signal beyond time of ar-
rival [19]. However, if it were possible to control and predict
the internal probe oscillations and if an insulation were devel-
oped that produced negligible signal delay, the direct contact-,
probe could be used to provide the desired record of pressures
within the current sheet. With this objective, the direct-
contact piezo-pressure probe was selected for detailed study
and development	 i
3.2 PROBE CONSTRUCTION, AND CIRCUITRY
The general configuration for the direct-contact Ares-	 ?
sure probe has been discussed in the literature cited and will	 i
simply be summarized here. Further, for the details of the	
t
A
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physics of the piezoelectric effect and typical annlications,
the interested reader is referred to the arcr',,e literature
[25,26]. Again, the basic components of this device are a
piezoelectric element, a hacking rod, an outer conductor shell,
and an outer insulator shell (Fig. 3-1). The construction is
completely coaxial with the piezo element enclosed within a
grounded she'.l to avoid spurious signal pickup.
The transducing element in the probe system is the piezo-
electric element. Basically, a piezoelectric material responds
to a change in the stress (pressure) applied to its surface by
generating a proportionate electrical charge over certain crys-
tal faces. For the present application, a piezo element was
chosen that produces charge separation across the 1-2 plane
(Fig. 3-1) due to pressures normal to that surface. The charge
generated can be expressed as
Qs	 d33 * A  • AP	 (3-1)
where d33 is the piezoelectric modulus (a material constant)
and A  is the crystal surface area on which nP is applied. Ac-
cordingly, the piezoelectric material together with the two con-
ducting surfaces,constitutes a capacitor with
	
E A	 (K • E ) A
C	 -	 s	 o s	 3 2
	
s - a
	
d	 (-
where E is the crystal permittivity, ICS is the dielectric con
stant, d is the crystal thickness and AS is the surface area of
the capacitor (crystal) electrodes. The equivalent electrical
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circuit for the piezo element is represented in Fig. 3-2 as a
source across a crystal capacitance, C s , and shunt leakage re-
sistance, Rs . Accordingly, the crystal appears as a generator
of enif across its terminals, as
	
Qs	Ap
Vs = C
	
g3 3 • d • LAP	 A
	s 	 s
(3-3)
where 533 d33/E is a "reduced" piezoelectric modulus. The
probe can be represented in its circuit with a length of co-
axial cable (subscript c) and oscilloscope input parameters
(subscript L) as shown in Fig. 3-3. The output of the complete
probe-cable-oscilloscope system can then be expressed as
C
VL Vs . 
C 
+ C
s + 
C	 Vs x FR
	(3-4)
s	 L	 c
where FR is defined as an effective output reduction factor.
From the above outline, it can be seen that while crystal out-
put is directly proportional to thickness, the measurable system
out,nut also has a direct relationship to the crystal area through
the capacitance. The crystal thickness must be dictated by the
desirable rise -time which is directly related to acoustic ve-
locity and thickness in the one-dimensional approximation, i.e.,
-t (rise-time) 	d/as. Accordingly, the surface area of the
-sensing surface must be compromised for signal output. On the
basis of an attractively high piezoelectric constant, the ce-
ramic material PZT-5 (lead, zirconate, titanate) was selected
as optimum from the number of materials available from Clevite
Corporation, Piezoelectric Division. The relevant crystal
i
c
cl	 i CL11, L	
VL
T 1  TQS
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properties as summarized from specifications [27] are
.Piezoelectric
coefficient. . . . . .
Dielectric
constant . . . . . . .
Youngs modulus . . . . .
Poisson's ratio. . . . .
Density. .	 . . . . . .
Resistivity. . . . . . .
933 ^ 24.8 x 10-3 volt-m/newton
K3 = 1700
Y33 = 5.3 x 10 10 newton/m2
V = 0.30
= 7.7 x 10 3 kg/m3
/o R > J.0 1.1 ohm-m
With the above parameters the following calculations can be
made to determine the appropriate crystal dimensions:
Acoustic
	 1-velocity .	 as = (Y33 1r  2 = 2.63 x 103 m/sec
Crystal
thickness. .	 d = t • a s = 2.63 x 10 
4 
m = 0.0104 in.
for t = 0.1 µsec rise-time
Crystal output(ideal) .	 .	 .	 Vs/OP	 g33 • d = 0,64 volts/atm
Cable capacitance. 	 Cc	 150 µ µf for 5 ft of RG-58
Oscilloscope
capacitance. .
	
CL	 50 µ µf for G preamp
i
Since the effective crystal capacitance and crystal output were
found to diminish by a factor of 2 in the'process of probe fab-
rication, an acceptable reduction factor, F R 0.66 was cho ►en
t
to fix the probe system output -at, VL,/AP -= 0.2 v/atm. Then
es (effective)	 400 µ µf for FR = 0.66
CS <(ideal)	 .	 2 Cs (effective)	 800 µ µf
...
y
x I
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so
•
A -
Cs
	- 1.4x10-5 m2
s Ks E o
and
Diam. (s) = 4 mm = 5/32 inches
Further, the effective time constant for the equivalent cir-
cuit can be estimated, RC(effective) ,e-1-_A 600 }sec, considerably
exceeding the requirements for a several microsecond event.
Regarding the resolution of the above device, it is
evident that a sensing element of this size is not optimum
for probing the anticipated 1.8 cm thick current sheet. How-
ever, it is within reasonable limits for establishing general
profiles when the anticipated transverse and normal orienta-
tions can be used in conjunction. Further, should the antici-
pated discontinuity in the density appear within the current
sheet, the resolution of the probe coul3 be extended by the
proportionality of the output to the applied force with an
estimation of the area swept by the discontinuity.
3.3 PROBE RESPONSE AND INTERNAL STRESS DYNAMIC'S
The response of a piezoelectric pressure probe is
directly proportional to the stress within the sensing element
The use of such a device in a transient loading situation re-
quires a knowledge of the internal stress dynamics, i.e., a;
knowledge of the dynamics of stress 'waves that will propagate
within the probe structure itself. The archive literature
:E
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(28,29] may be consulted for details of such considerations.
Ideally, in the one-dimensional approximation (Fig. 3-4), a
stress, Q , applied at the surface of a solid rod will pro-
duce a compression that will be transmitted along the rod
with velocity a 1	 (E1//01) 
1/2, inducing particle velocity
v 1
	a1 dCl = d (E1 /°l)-1/2. The variable, (E 1 J0 1 ) 1/2 "= Z1l
has been termed the acoustic :impedance. S'ach a stress wave
propagating from medium l to medium 2 must satisfy the boundary
conditions at the ,interface that Cr = a'2 and v  = v2 , Ac-
cordingly, it can be shown (25) that the ratio of the reflected
Y
to the transmitted stress can be expressed
':^1R
=
 r 1	 z22
Cr	 r +	 where r ZlT	 1
(3-5)
In the present application, the function of the backing rod, 2,
is to allow the stress wave to propagate completely out of the
crystal, _1, and so to avoid internal stress oscillations. On
the basis of the above analysis, this should be accomplished by
matching the acoustic impedance of the two elements, a basic
criterion which has been applied to piezo-probes since their
introduction (3)
In an attempt to determine basic probe response and to
evaluate the interaction between the piezo element and the
backing rod material, probes were constructed using both brass
and tin as backing rod materials. Brass matched the crystal
	 a
impedance only roughly, while tin provided a much more exact
awX
P
O'X
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match. The response of a brass-backed probe to a reflected
shock waive in a shock tube is presented in Fig. 3-5 as a typ-
ical reaction to a pressure discontinuity. It can be seen
that the response is not ideal for several reasons; the ini-
tial oignal does not rise to the constant pressure reservoir
value until about 2 µsec due to the superposition and inter-
action of two modes of internal stress oscillations. The high-
frequency oscillation is a longitudinal mode across the crystal
thickness and the lower frequency oscillation is a radial mode.
Only the initial rise occurs with the desired 0.1 µsec and so
such a device cannot be used for determining magnitudes on a
submicrosecond time scale. A similar probe with a tin backing
rod responded with comparable thickness oscillations but, sur-
prisingly, with a much more severe radial oscillation which did
not damp out for hundreds of microseconds. In order to provide
a perfect match, a depolarized PZT-5 cylinder was incorporated
into a probe housing. This design resulted in exaggerated
radial oscillations and there was little improvement in match-
ing effect. This behavior could not be explained by the sim-
plified one-dimensional approximation, and so a more exact con-
sideration,including three-dimensional effects, was attempted.
For simplicity, the three-dimensional system will be
considered with a rectanrular,rather than circular, cross
section. Fundamentally, if a uniform axial stress is applied
over the end of a bar (Fig 3-b) , there will be axial as well {
"f-& ),r; %,
P
(. 5v/ Div)
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as lateral strains, expressible as
CC = _V x 
It E 
z = - Z/	 (3-6)x	 y
where V is Poisson's ratio and isotropic behavior has been
assumed. In terms of these variables, the general stress
equations can be written
& x = Vie+ 2 G x
Cr
	
e+ 2 G E 
	
(3-7)
1 z 	e + 2 G 6 
where AV E(1 +V) (1 — 2V)
e = E + E +E
x	 Y	 z
G
.E
= 2(l+V)
The solutions of the above system of equations are strongly
dependent on the boundary conditions that are applied, but in
any case they indicate the strong interrelationship between
axial and lateral behavior. For example, in ender to attain
the ideal one -dimensional acoustic approximation, the lateral
strain components, 6 y and E z , are equated to zero. However,
to accomplish this requires the uniform applica -t,ion of stresses
y
	Cr
	 cry cZ- O X
s
28
with ratios of C / O 0.4 for typical materials. Need-
less to say, the imaplementation of such a stress scheme gen-
erally is unreasonable. Further, a realistic evaluation of
the stress conditions within the complete probe structure
must consider a rod surrounded by other reacting materials.
Any axial stress will result in lateral stress generation in
the rod from both internal and external sources due to lateral
strain. The situation is further complicated when the inter-
face between crystal, 1, and backing rod, 2, is considered
since boundary conditions on the lateral particle displace-
menus and stresses must now also be satisfied. A complete
theoretical analysis of the probe structure behavior in the
context of the above outline would clearly be excessive and
outside the scope of the present work. Rather, what is de-
sired is a determination of the source of the radial oscil-
lations in the crystal, and this effect should now be evident
on properly analyzing the probe response. Specifically,
since the normal boundary conditions at the interface are not
critical, the lateral boundary conditions imust control the
behavior. The lateral strain can be expressed as
E	 — v	 = fn ll
y,z	 E	 x	 ^E1
with the normal stress condition assumed satisfied. Accord-
ingly, the value of the ,parameter, VIE, was tabulated for
4 _
x^
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the crystal and different backing rod materials used:
Material	 y/E
PZT-5 5.7 x 10712 M2 /n
Tin 8.0	 . 10712
Brass 3.0 x 1012
Back rod performance
Poor
Unsatisfactory
Generally satisfactory
The above tabulation can be reduced to the following reasoning:
Since E ( VIE) a' the backing rod material that will allow
the smallest lateral strain for a given axial stress will pro-
vide the best transient oscillatory response. Physically,
this can be interpreted as an indication that the backing rod
should function to damp radial oscillations within the crystal.
To corroborate this hypothesis, a material was selected to pro-
vide a limiting value for the damping parameter; stainless
steel ( y/E	 1.6 x lC -12 m 2/n) was chosen as optimum. The
response of such, a probe to a reflected shock wave is presented
in Fig. 3-7; such a device can be considered to meet satis-
factorily the requirements on stress oscillations for a submi-
crosecond pressure probe.
3.4 ELECTRICAL INSULATION AND PROBE CONFIGURATIONS
The problem of developing an insulating covering for
the piezo element that would produce no signal delay nor in-
troduce any extraneous stress conditions presented difficulties.
Because of the inherent delay introduced by any covering, due to
stress propagation, an effective real-time probe must utilize
an extremely thin covering so that this delay will not appear
{
30
on the time scale of the event. Typical insulator prop-
erties indicate acceptable delays of 10 -8 sec for a thickness
of approximately 1072 mm. In order to meet this requirement,
the use of a number of lacquers and liquid insulating com-
pounds was attempted as insulators with little success. How-
ever, the utilization of a thin, polyester base, electrical
insulator tape proved quite satisfactory. Specifically, the
application of one layer of 1 mil (0.001 in.) thick #74 Scotch
insulating tape was found to hold off 5,000 volts when properly
applied. A single, thinned layer of Zapon lacquer over this
was also found to be beneficial. Theoretically, this tape
would produce only several nanoseconds delay; detailed shock
tube iK.­)eriments confirmed that there was no noticeable delay
or dispersion of the pressure probe response.
The electrical insulation of the outer conductor shell
was accomplished by fitting the internal probe circuitry into
either machined nylon, o r Pyrex tubes. The mechanical prop-
erties of each of these materials, along with those of the con-
ducting shell, were related to a low-frequency radial oscilla-
tion that appeared in the probe output. It rwa,s found that this
oscillation could be controlled by utilizing acoustically ab-
sorbent materials outside the ,backing rod. Practically, this
involved using beeswax adjacent to the crystal as an insulator-
sealer and using brass for the conducting shell. The tailoring
of the shell thickness and material to control the low-fre-
quency oscillation resulted in the two configurations shown
lk
in Fig. 3'-8.
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3 . 5 PROBE PE RFORMANCE AND CALIBRATION
The evaluation of probe performance and probe Cali-
oration was carried out using reflected shock waves in simple
shock tubes. Before proceeding to a detailed discussion of
probe calibration, it is of interest to consider some general
aspects of probe system behavior.
A general-purpose, pressure-burst shock tube was used
to evaluate basic performance. The 7/8-in.-i.d. tube had a
21-in. driven section with 1 atm air and a 22-in. driver sec-
tion filled with 4 atm of helium, both at room temperature.
The response of the present design pressure probe is presented
in Fig. 3 Y-9. On such records it is of interest to identify the
constant pressure plateau, the rarefaction arrival, and the
twice reflected shock arrival for time correlation. Before in-
terpreting this response, consideration should again be given
to the circuit time constants. It has been noted that, for the
basic probe circuit, RC (effective)	 600 µsec. Accordingly,
for time up to 60 µsec, the probe signal will be directly pro-
portional to pressure and so the exact equilibrium plateau will
be sensed for calibration purposes, but at later times the sig-
nal will reflect RC decay. In fact, such behavior was evident
when a 10 megohm resistance was temporarily inserted in series
with the load resistance; decay was considerably reduced, but
the onset of both the rarefaction and reflected shock were
clearly indicated at the-apparent times in Fig. 3-9. Returning
to a consideration of probe performance, it is evident that the
s	 ^
r
Y
a) 0.5 µsec / DI V
c) 2.0 µsec / DIV
0.5 V/DIV
mm
12 12
IN 1212
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probe responds to within ten percent of mean pressure on the
first pulse, i.e., less than 0.1 psec.
The pressure probe calibration was carr ied out using
simple, single -diaphragm, constant area shock tubes. This
method was chosen because it is highly reproducible, it pro-
vides an impulse on the desired su.^microsecond time scale, and
it permits calibration over a reasonable operating range. In
particular., it was desired to calibrate the probes over a range
of pressures that included the ambient discharge pressure of
100 p and over as large a range of pressure increment as pos-
sible. This was carried out by subjecting the probe to the
head-on reflection of the shock from the tube end wall. Re-
garding the low density calibration, it is well-known [30] that
shock tube behavior diverges from classica l inviscid behavior
because of boundary layer effects in this density regime. So,
rather than embark on a lengthy data reduction scheme for low
density calibration, it was decided to utilize experimental
low density shock-tube data presented by Duff [31], by con-
structing a shock tube with exactly the same internal dimensions
as hi.4^, device. Accordingly, a shock tube with 1 1/8-in. i.d.,
3--ft driver, and 7-ft driven section was assembled; the dia-
phragm was manually burst. Using Duff's data on shock Mach
number for given initial pressure and diaphragm pressure ratio,
reflected shock data was taken over an ambient pressure range
from 500 Jz to 300 mm Hg argon with argon driver gas. This
range was extended to ambient pressures of 1.0 atm argon with
35
a 21-in. driven section driven by both argon and helium drivers.
Corresponding pressure jumps across the reflected shock of from
0.01 to 5.3 atm were calculated. Withir experimental ,Limits,
the probe output voltage was found to vary linearly with pres-
sure increment. Specifically, for the axial probe V s
 /0 P= 0.25
volts/atm, and for the radial probe Vs /AP = 0.30 volts/atm.
3.6 PROBE PERFORMANCE WITHIN THE PINCH DISCHARGE
The use of the pressure sensing device developed above
within a plasma environment has some inherent difficulties that
should be considered. The active probe element will respond to
momentum transfer imparted to the insulator surface, but because
of the particle energies in the plasma, the insulator itself may
participate in the momentum transfer through ablation and sec-
ondary emission. These effects have been examined both theo-
retically and experimentally by Friedman (32] for high energy
thermalized plasmas and found to be unimportant for pressures
in the neighborhood of 0.1 atmosphere. For the slightly higher
pressures of the present highly transient experiment, these
effects can be considered insignificant.
The problem of determining, discriminating, and elimi-
nating other extraneous signals in the pressure probe circuit,
however, did require careful attention. First, the proximity
of the probe to the discharge initiation subjects the probe
circuit to the related burst of intense electromagnetic radi-
ation; the resulting spurious signal is evidenced by a decaying
"noise" oscillation within the cable. This signal can effec
ti
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Lively be eliminated in a low impedance circuit, such as for a
magnetic probe (14], by properly terminating the coaxial cable
at both ends. However, in the present case, with a high im-
pedance device and small output signal this troublesome signal
required the design and application of a cathode follower am-
plifier to allow for satisfactory probing. Cathode follower
design has been well documented in the archive literature [33),
and so will not be discussed in detail. Rather, ',-.he design will
simply be presented (Fig. 3-10) and the high--frequency perfor-
mance noted. The follower was driven by a battery source and
completely enclosed within a grounded box, but it was still
found necessary to operate the .device only :inside the oscillo-
scope screen room because of extraneous pickup. The frequency
response of this device was experimentally evaluated using an
electronic square--wave pulse generator. Typical overlays of
circuit response with and without follower are presented in
Fig. 3-11 it can be seen that the response was satisfactory,
with a voltage reduction factor (0.345) that was in agreement
with theory.
In order to discriminate between pickup and real pres-
sure signals, a number of techniques were employed such as re-
versing crystal polarity, reversing machine polarity, and ro-
tation about the probe axis. However, the most useful tech-
nique involved placing a layer of 1 mil insulating tape over
the outer plezo element surface and assembling as 'before. The r
insulation excluded any real pressure signal and thus allowed
3
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identification of all extraneous signals the resulting "null"
signal for the pressure probe circuit is presented in Fig. 3--12.
With the above mentioned refinements in the pressure
probe circuitry, the probes were inserted into the pinch dis-
charge chamber; the typical responses shown in Fig. 3--13 were
observed. The simultaneous record of 8 8 e-­,
 j (,Appendix ;A) in-
cluded with each pressure history was recorded for time refer-
ence within the sheet structure; the magnetic probe was mounted
on the pressure probe structure to insure exact time correlation.
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CHAPTER 4
PRESSURE PROBE--CURRENT SHEET INTERACTIONS
41 INTRODUCTION
The useful application of pressure probes to the diag-
nostics of current sheet structure requires a detailed know-
ledge of undisturbed current sheet behavior and a knowledge of
the interaction between the current sheet and the probe struc-
ture. Accordingly, the discharge was examined with local
magnetic field probes and high-speed photographic techniques,
with the intention of determining the optimum configuration
for probing the current sheet structure.
4.2 CURRENT SHEET PROFILES IN THE PINCH DISCHARGE
The variation of total circuit current with time has
been presented earlier, however, the discharge chamber can con-
duct this current with a number of possible current density
distributions depending upon electrode material, electrode con-
figuration, etc. Studies of current sheet profiles in specific
devices have been presented in the literature [8, 12 to 14],	 }
i,but generally serve to illustrate the diversity of conduction 	 t
modes that can be generated Ideally, the current conduction
between thepinch chamber electrodes would take place within a
3 s
thin cylindrical sheet that was axially and a2imuthally uniform.
j
T
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The work of Burton (13) clearly identified the experimental
characteristics of such a current sheet as a diffuse layer or
"foot" on the anode, an evident tilt of the central current
sheet region, and a distortion of the current sheet near the
cathode. However, the sheets produced in that device were
well-defined and satisfactory for study. The magnetic probe
study of the constant-current, large-diameter pinch presented
by Ellis [14) indicated a less satisfactory sheet, as these
effects were more dominant.
As a first step toward defining current sheet behavior
with the present waveform, luminosity profiles of the imploding
current sheet were examined with photographs taken in a radial
view Kerr-cell arrangement (Fig. 4-1). The photographic line-
of-sight was established by removing a section of the outer
chamber conductor while inserting heavy bolts to allow satis-
factory current flow. Typical photographs of the luminosity
of the imploding current sheet are shown, in Fig. 4-2, where
the diffuse anode, sheet tilt, and cathode region distortion,
along with the degeneracy of the sheet at small radii, can be
seen. However, luminosity profiles do not necessarily define
current profiles, and in prdt r to identify that parameter, a
magnetic probe study of
	 eh.O rber was made.
The magnetic induction loop as a device for probing
transient discharges has been well documented in the liter-
ature (17]_, and so will not be analyzed in detail here. A
discussion of the relevant parameters for the present appli
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cation is included in Appendix A. From that outline, it will
be note l tnat j  el-11 
(Povs)_. 
B8 and so j  profiles will approx-
imately follow A. profiles. An induction coil with a 3/32-in.=
i.d., wrapped with #28 Formvar coated wire, encased in a Pyrex
tube for convenience, was used here. A survey of the chamber
was taken at 1/2-in. radial increments and 1/4--in. axial in-
crements; a comparison of the derived current density profiles
with the luminous profiles showed general agreement of sheet
trajectory, diffuse current profiles near the electrodes, and
sheet tilt. A typical set of axial data at R 2 in. and a
radial survey midway between the electrodes is presented in
Fig. 4-3. From this, and similar data, it was concluded that
a sharp, well-defined, current density profile appropr%ate for
sheet study could be found only in the central region of the
chamber. Or,., this basis, detailed studies of the current sheet
were carried out between radii of 3 in. and l in., and close
to the midplane (h	 1 in.) .
4.3 LUMINOSITY STUDIES OF PROBE INTERACTION
With the understanding of current sheet behavior pre-
sented above, the problem of probe interference with the cur- i
rent sheet became of primary concern. As a first step, several
Fr
"dummy" models of probing shapes were inserted through the
chamber walls and the luminosity patterns about them were photo_
1
graphed. The first shape to be examined was that of a radial
probe, extending through pinch position to the probing position
(R 2 in. h	 1 in.); Fig. 4-4 shows a sequence of photographs
J
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with the current sheet moving past the probing shape along
with a 4.5 x magnification of the region of interest. From
these photographs it is evident that at this probing position
(R = 2 in.) the probe is not immersed in the anode foot. How-
ever, upon the arrival of the clearly defined rear srarface of
luminosity, the stagnation region of the probe becomes in-
tensely luminous and at later times typical wavelike contours
of luminosity about the probe shape are evident. It should
also be noted that there is a definite asymmetry evidezat in
the luminous wave pattern, approximately five degrees toward
the cathode. This value is in good; agreement with a measured
sheet-tilt angle of five degrees at this position, both indi-
cating an axial sheet velocity component toward the cathode.
A similar sequence of photographs was taken of an axial
probe shape; Figs. 4-5a,b, and c show luminosity patterns when
the sheet first reaches the probe and at later times. Note
that the flow again stagnates on the side (non-sensing) sur-
face of the probe and the wavelike profiles then appear after
the passage of the sheet rear su;-face of luminosity. In order
to determine if the wave-like contours of luminosity were the
results of expansion of a stagnated gas around the probe shape,
a thin, sharp-edged annular ^oliar was fitted over the probe_
end. Such a shape would eliminate an expansion of stagnated 	 I
gas, and also would prohibit the side of the probe shape from
communicating with the sensing surface. Several photographs
of the luminosity profiles of this arrangement are presented 	
i
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in Fig. 4-6. Wavelike profiles are again evident without a
stagnation region, indicating that the "waves" are represen-
tative of the gas properties behind the sheet luminous surface.
4.4 LUMINOSITY CURRENT DENSITY CORRELATION
In order to clarify the relative positions of sheet
luminosity, the rear surface of sheet luminosity, and the re-
gion that gives rise to the wavelike contours relative to cur--
..
rent density profiles, simultaneous data of lum nosity-B B were
taken. First, in order to establish the radial distribution
of luminosity, the outer solid conducting electrode was tempo-
rarily replaced by one with a 6--in. diameter Pyrex insert that
provided an axial view of the chamber. It was found that such
an electrode produced no definable current distortion except
quite close to the electrode (cathode)
	 Noting that the in-
tense luminosity on the axis is light bleedthrough at pinch,(of
no significance here) from the axial view Kerr-cell photograph of
the discharge (Fig. 4-7). it can be seen that the sheet lumi-
nosity occurs within an annulus approximately 1.5 cm wide.
Further, from the complementary record of a magnetic probe
mounted on a radial pressure probe, it is evident that the
axial current was flowing about the probe significantly ahead
of the near surface of sheet luminosity, the surface that is
definable in the radial view photographs.
With a metal cathode again in place, a metal grill-
wor c installed for the outer chamber wall to insure current	 {
distribution, and an axial probe shape with built-in magnetic
J
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probe, the data shown in Fig. 4-8 were recorded. Accordingly,
the rear surface of sheet luminosity can be seen to arrive ap-
proximately when B  returns to zero, i.e.,. 	 at the rear edge of
the sharp current sheet, The implication is then, clearly,
that the current sheet luminosity is directly related to the
excitation of particles in the current conduction process, and,
perhaps more interesting, the wavelike luminous profiles appear
to be indicative of excitation of gas that has been swept over
by the sheet but not completely entrained. Further, recently
published work [34] with a clearly defined interaction between
a projectile and an argon plasma has identified similar lumi-
nous profiles as shock wave profiles. Accordingly, the signif-
icance of these waves lies in their possible utilization as a
diagnostic device for gas properties in the swept gas, if a
flow velocity can be identified for that region. This topic
will be given further consideration during the analysis of
experimental data.
4.5 FLOW ISOLATOR STUDY
In the light of the above evidence that there is an
interaction between the current sheet and probe, it is of in-
terest to determine the most satisfactory configuration for the
axial pressure probe. The radial probe shape can be consid-
ered satisfactory as it has been the subject of many gasdynamic
analyses [35].
A continuum consideration of mass flow about an axial
probe would predict stagnation of the gas on the forward-facing
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surface arid expansion of this compressed gas over the sensing
surface aligned with the flow. The expanded gas would inter-
fere with a measurement of stream pressure, and so it would
appear ideal to insulate the sensing surface from this effect
by constructing such a "flow isolator" as used in the lumi-
nosity studies above. The output of adjacent mtagnetic and
pressure probes for s^^w-wra p, isolator configurations is shown
in Fig. 4--9. Comparing the results with the 1 1/2-in. iso-
lator to those without any isolator, two important effects are
evident. First, the use of the isolator produces a severe
distortion of the current density profile due to the alter-
ation of current conduction paths. On comparing the pressure
records, it can be seen that the signal with the isolator in-
dicates a uniformly low value after the current sheet passage,
while an expanded flow region does appear to exist without the
isolator during the same period. However, the pressure data
of critical importance, that within the sheet structure, is
not affected by such interference with, or without, an iso-
lator. An intermediate size isolator (7/8 in.) can be seen
to produce some distortion of the current density and to allow
some expanded flow. In an attempt to evolve an optimum iso-
lator, a 1 1/2--in.-diameter shape with sides cut away as in-
dicated on the sketch, was evaluated; it was found to produce
moderate current density distortion and to allow moderate ex-
pansion effects. In order to evaluate the effect of probe
size on the data, axial data was also taken with the 5/16-in.
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o.d. radial probe; it compared favorably with data from the
1/2-in. -mo . d. axial. probe.
An effective probing of the current sheet .interaction
can be carried out only with a current density profile free
of distortion, accordingly, the axial pressure probe must be
used without an isolator. It is evident from the above re-
sults that such a configuration does not distort the pressure
data within the current sheet profile, and for purposes of
analyses, the axial probe response can be treated as though
the element was embedded in a planar surface.
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CHAPTER 5
EXPERIMENTAL DATA * EVALUATION, AND RESULTS
5.1 XNTRODUCTIOU
In order to effectively monitor the structure of the
swe%z!ping current sheet, a compatible scheme for simultaneous
probing was developed. Reduction of the data to consistent
property profiles through the current sheet was carried out.
In the case of pressure data, possible perturbations of sheet
behavior inherent in probe response were considered. In
order to provide a meaningful basis for current sheet analysis,
profiles of the important variables within the current sheet
will be presented.
5. 2 PROBING CONFIGURATION
The effective analysis of current sheet structure re-
quires a knowledge of a relatively large number of field and
gas properties at each point. Specifically, azimuthal mag-
netic field records, radial and axial (anode, cathode) pres-
sure measurements, radial and axial electric field data, along
with total circuit current are of importance. It was clearly
impossible to emplace probes for each of these properties and
record accurate data in the same discharge; the required data
were collected with several different probing arrangements and
discharge shots. In order to circumvent the difficulties
'A
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of multiple shot correlation due to slight irreproducibilities
0
in sheet arrival, the B record was spe0fied as common, and
all data were referenced to its profile. At any given point
within the chamber the following data were recorded with one
axial and one radial probe emplaced for each shot (Fig. 2-1)1
data were recorded on two dual-beam oscilloscopes:
Shot No. l 	 Fr ,  Ev it i0
Shot No. 2: Pz'(C) I Er 1 BO	 0
Shot No. 3: P Z (A), E r , B91 Be
The basic criterion used for time correlation of any given set
of records was the matching of the arrival time of 10 percent
of B. peak; this value was chosen since some distortion at
later times was evaident with magnetic probes built into axial
probes. Further, P Z and E
r 
records were considered exact when
both B 9 and E r reproduced from shot-to-shot.
Axial probes protruded through the ground electrode
while radial probees extended through the pinch axis to the
probe position on the far side to avoid distortion caused by
the sheet sweeping over the probe support. In order to avoid
interaction, each of these probes was separated azimuthally by
I
* 300 angle at the same radius; at R = 2 in., this angle produced
* nominal 1-in. separation. With such an arrangement, the
correlation depended upon the local azimuthal symmetry of the
discharge. Discharge patterns were established by axial-view,
Kerr-cell photographs similar to those noted earlier (Fig. 4-7).
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Specific local symmetry was esticblished by comparison of the
data records of several variations of probe orientation. With
the radial E probe defining a reference, the axial pressure --
Be probe was positioned 00 clockwise off axis; a second shot
was taken m r ith the axial probe 30o counterclockwise off axis,
and a third shot was made with the positions reversed .,.. the
axial probe on axis and the B probe positioned 30 0 counter-
clockwise away. A comparison of the above data showed excellent
reproducibility of profiles and arrival time within the cur-
rent sheet; accordingly, it was concluded tI'at the probing con-
figuration would provide accurate simultaneous current sheet
data.
5.3 CURRENT SHEET MEASUP MENTS
With the procedures defined above, current sheet data
were recorded along the electrode midplane at radii from 3 to
1 1/2 inches. At larger radii the initial burst of noise
generally obscured any real data record and at radii smaller
than l 1/2 in. the anode "foot" extended beyond the midplane,
distorting the intense current sheet. Typical data records of
current, electric field, magnetic field, and pressure at one
point in the chamber are presented in Fig. 5 -1; the data have
been corrected for the slight irreproducibility in current
sheet arrival. The notation Pz(c) refers to axial pressure
with the probe mounted on the cathode. Complementary data
showing the variation of axial (c) pressure and B  with radius
are presented in Fig. 5-- 2. In order to clarify the detailed
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response of the radial pressure probe during the critical
initial signal, period, data are presented with a sensitivity
equal. to that of the axial pressure measurements; Fig. 5-3
shows a typical response.
5.4 CURRENT SHEET CHARACTERISTICS
From data such as that presented above, it is possible
to define some characteristics of current jheet dynamics and
current sheet structure. First, the experimental data confirm
the existence of a discontinuous region of strong pressure re-
sponse within the current sheet. It can clearly be seen that
the discontinuous pressure rise occurs significantly after the
peak of the current density profile; moreover, following this
compression, the existence of a sharp expansion within the
sheet structure is also experimentally confirmed. In order to
establish clearly the dynamics of the current sheet, the tra-
jectories of Be peak and the pressure front discontinuity are
presented in Fig. 5-4. It can be seen that the pressure dis -
continuity travels at a slightly lower velocity than the cur-
rent sheet, resulting in an increasing separation as the sheet
implodes. However, in both cases the sheet velocities are
effectively constant over the region of interest .--a fact of
considerable significance in the reduction of data.
More critical than the dynamics of the current sheet
are some implications regarding current sheet structure -evi-
dent in Fig. 5-1. Upon considering the two records of axial
pressure, it is clear that these pressures recorded at the
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same point but with opposite orientation about the electrode
midp lane, are not identical. The differences appear to indi
cate three different zones of -interaction within the current
sheet structure. The initial zone (I, as noted in the figure)
is characterized by approximately equal pressure records with
f 
anode or cathode mounting, .intense current flow (B 9 ) and strong
electric fields (EZ and Er ) . Further, from Fig. 5-3, the ra-
dial pressure record, which is proportional to particle density
and directed particle velocity, also shows a very weak signal
of the same order as the axial measurement. Such response de-
fines region I as a zone of high-current flow but little mass
accumulation. The absence of mass accumulation in this zone
is further indicated by the constancy of the pressure profile
in region I while the current sheet implodes, as evidenced in
Fig. 5-2. The axial electric field (E Z) can be attributed to
both a resistive (ohmic) voltage drop and a motional induced
(u x B) component, while the radial electric field indicates
charge separation and electron current conduction (Chap. 6).
The discontinuity (rise and fall) .Ln the radial and
cathode mounted pressure probe response defines the boundaries
of a second (II) zone. The two axial pressure records exhibit
a significant difference in their response in this region;
this fact along with the magnitude of the radial probe 'signal
suggests a region of intense particle concentration. The large
values of axial electric field suggest both ohmic and motional
components, but the absence of measurable radial electric fields -
1
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indicates a balance of charged particles; there are relatively
small but positive currents flowing in this region. The asym-
metry in the axial pressure measurements must be related to the
tilt of the current sheet and inclination of the flow field,
with the resultant conduction of current (streaming toward the
cathode) by ions.
The third zone of interaction (III) is typified by ap-
proximately equal axial pressure measurements, small output
signal from the radial pressure probe and very low current den--
s ity. This region is made up of gas that has been passed over
by the intense current sheet layer, but not entrained. The
fact that an induced flow field exists is evidenced by the
large axial electric field measured with little current flow
and the luminous wave patterns that have been observed and in-
vestigated earlier.
The above qualitative considerations have been pre-
sented in order to clarify the general nature of the current
:sheet behavior and so to provide a basis for more detailed dis-
cussion of the structure that will follow.
5.5 ESTIMATION OF NUMBER DENSITY AND PARTICLE TEMPERATURES
In order to carry out an order of magnitude evaluation
of perturbation effects on the pressure data, it is necessary
to have reasonable estimates of both particle number density
and particle temperatures. From the above discussion there
are evidently three zones of interaction, and so an estimate
of both variables for each zone is desired.
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First, regarding number densities, it will be speci-
fied that electron and ion dens ities are effectively equal
on the basis of Gauss' law
where /Oe is the net charge density and E is the electric
fiold. With the radial electric field being the significant
electric field component in the sheet frame, Gauss' law takes
the Form
^Er ^ /,Oe
a r	 E
With a typical electric field increment of 20 volts across
0.5 cm, a charge imbalance of 10-14 coulomb/cm3 is equivalent
to a number density of 10 5 electrons/cm3 or approximately a
ratio of 10711 over the anticipated charged-particle density.
Accordingly, the approximation that n i ' n  will be applied
throughout the sheet.
In an attempt to establish orders of magnitude of par-
ticle densities in the various regions, the radialpressure
data will be used with the following understanding. First,
the radial pressure measurement is one of momentum transfer
from directed kinetic energy of the heavy particles with an
order of magnitude of 180 ev. Perturbations due to the sev-
eral ev electrostatic sheath drop would not greatly affect the
trajectory of such high energy particles; further, the assump--
ton of inelastic collision of non-interacting particles with
a
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the probe surface will be made. The validity of such an
(Newtonian) assulmpt., ',on will be discussed in more detail later.
On this basis then, the radial pressure can be related lCo num-
ber density (n) and particle velocity M by
Pr
 
^z4e nmv 2
Taking the approximation of sheet velocity for particle veloc-
ity the radial probe output indicates number densities of the
following order:
ni < 1016/`m3
	
nil	 10 
17 /cm 3
	
nI2I	 10 
16 /cm 3
compared with an ambient number density of n 0 = 3 x 10
15 /CM3
Further, on the basis of the microwave diagnostic work of
Ellis [14) in such a discharge, it will be assumed that the
ambient gas reaches a degree of ionization of 10 percent shortly
after initiation of the discharge, due to precursor effects.
The estimation of particle temperatures in the various
regions becomes a much more subtle and difficult task due pri-
marily to the high degree of nonequilibrium within the current
sheet. However, the separation of the current sheet into zones
of interaction can be used to alleviate the difficulty of such
an analysis. It has been specified that region I is a zone of
intense current conduction and apparently intense electron ac
tivity. In a frame of reference fixed with the sheet, the elec-
tron population will receive energy primarily from ohmic heating.
I
, a
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An upper limit on this loss mechanism can be estimated from
measurements of voltage drop across the current sheet by in-
ne.7 divider voltage mea surement techniques (,appendix C) .
Such voltage records indicate a typical voltage drop across
the current sheet of 80 volts and, accordingly, a power in-
put at R = 2 in. to the electron swarm of
P (R = 2 in.) = 4'V inner 0 1 z.% 20 x x.0 6 (joule/sec)
The primary loss mechanisms for the electron swarm are radi-
ation, heat conduction, and inelastic collision with heavy
particles. The radiation and conductivity losses have been
estimated to ba un.important for the environment Lender consid -
eration (13], arid, accordingly, tht> inelast ic energy transfer
mechanise must be dominant. The excitation of argon atoms to
ionii at. on has been investigated by Petschek, and Byron [37)
and more recently by Harwell and Jahn [38] who established
that the ionization process occurs via a two-step process.
It was found that the activation. energy coincided with the
first excitation potential of the atom and that ionization
would occur with a second inelastic electron-atom collision.
Accordingly, the rate of energy loss per cubic centimeter per
second to ionization by inelastic collisions can be expressed:
Joule	 —28 2	 1/2	 11.5/T
D in	 3	 _ 11.3 x 10	 n Te	 (11. ^ + 2Te) e--	 ecm sec 1
where T
e 
is in ev and number density is per cm . For the case
i
of a current sheet 0.5 cm wide at a 5 cm radius, the plasma
volume is 80 cm3; with a number density of 10 16/cm3 equating
x
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power input with power loss indicates an electron temperature
of
T e 
(1) ^ 4. Q e v
The corresponding time interval to excite a neutral argon atom
to its first activation level is 0.12 pse a figure that would
indicate significant levels of ionization within the current
density profile due to electron-atom inelastic collisions. it
should also be noted that the high energy tail of the electron
distribution is providing the necessary ionization energy in-
crement.
As a complementary indicator of ionization profiles
within the current sheet, some time resolved spectroscopic
studies carried out by von Jaskowsky (39] in a 5-in, diameter
pinch discharge are of interest. Profiles of argon 11 radi.-
ation were found to peak slightly ahead of the peak in total
light intensity, whereas argon III radiation was found to peak
at the same time as total light. As the earlier studies have
indicated a direct correlation between light and current con-
duction, the argon line profiles appear to reinforce the con-
clusion that the region of intense current flow is also a
source region for ionization; significant amounts of first
ionization appear to be achieved early in the current sheet
structure.
In order to establish an estimate of ion temperature
in the highly nonequilibrium current conduction zone, it is
necessary to consider the possible heavy particle collision
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processes. First, regarding the electron-ion collisions, it
is of interest to examine generally the relaxation time for
thermal energy transfer between the two species. Following
Spitzer (40), the time to establish equipart ition
 of energy
between two groups of particles, each with a Maxwellian dis-
tribution
 but with different temperatures, can be approximated
for TA/mA <	
TC?/me as
3 m, (kT ) 3/2
.Z_. ..^...e
	 .... a
teq	 8 (2IIme) 1/2 n e4 in
Taping T  = 4.0 ev, n ^ 10 16 /cm 3 , and in ^ ^ 6.0
teg	 1. 3 sec
Accordingly, with this estimate as an order of magnitude ind i-
cator, it will be assumed that the two species are effectively
thermally insulated from each other on the time scale of the
event.
On the basis of the above discussion then, the primary
mechanism for heating the heavy particles appears to be the
argon-argon, short -range collisions. An estimate of these ef-
fects will be carried out using the collision data summar ized
by Jahn [15). Considering first the case of a static argon
atom colliding with entrained argon ions within the sheet at
a relative kinetic energy of 1.80 ev, the elastic scattering
cross section is Q(e1)	 2 x 10 15 cm 2 and the charrje •-transfer
cross section is Q (t) ^zt 2 x 10-15 cm 2. Accordingly, with an
W,
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ion density of nA ^ 1016/cm3 , the mean ,free path for atom-
ion collisions is approximately
1	 e.'.'.1
/ A,,,, i ' n 
* Q- ^ 
^.'10 	 c m
A	 ^ 3.
a figure indicative of significant energy transfer in the 1 cm
thick zone. Further, the atom--atom ionization cross section
at 180 ev is QM 	 0.5 x 10w16 cm2 and the ion-ion elastic
cross section Q (61^	 0 (^) A l0~1.2/ E 2 ^, 10
	
cm2 . whale
it does not appear possible to establish a single collision
process as the dominant energy transfer mechanism in the col-
lision hierarchy, it can generally be concluded that the con-
ditions within the regions of particle concentration (I and XI)
are appropriate for considerable thermalization of the avail-
able relative kinetic energy of the streaming argon particles.
Some limits on the heavy particle temperatures that may result
in such a system can be derived by a brief consideration of an
energy balance.
From a frame of reference fixed with the constant ve=
loc.ity current sheet, the swept particl,^s mugt deposit the rel-
ative kinetic increment (Skin
	
180 ev) in one of the several
available modes. This energy can reside as thermal energy with
re lated radiation, and axial ion streaming. If. the total energy
was converted to translational (random kinetic) motion, an upper
i
limit of TA	 100 ear would result. However, such an extreme
i
value suggests that a possible energy balance might: be met by
equating thermal gain with radiative loss for a system of
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snowplowed particles. Specifically, at R = 2 in., equating
thermal gain with blackbody radiated loss,
t 
fETH - no 6 IT (Ro 2 ~ R2)	 h	 2 • 211 R • h • GR T4 dt0
where C5  is the Stefan-Boltzmann constant With E TH. = 100 ev,
a heavy particle temperature of about 2 ev is indicated —estab-
lishing a lower limit on the possible argon temperature. A
more detailed calculation of temperature on an energy basis
does not appear reasonable with the present state of under--
stapling of such a plasma, however, a general accounting of
energy deposition within the current sheet W ill be presented
later.
In order to carry out the desired heavy particle tem-
perature estimate, the equilibrium equation of state, p nkT,
will be used with approximate pressures and number densitie s.
For region I, an approximate static pressure of 0.1 atm with
a number density of 10 16 /cm 3 indicates a temperature of
TA (1)ti 10 ev. Similarly, for the region of mass accumulation
(II) an estimated pressure of 10 atm with a number density of
10 17/cm implies that TA (I_)	 10 ev, in reasonable agreement
with the above energy considerations. With such a proposed
equilibrium temperature, it can be expected that an incoming
ion would reach translational equilibrium with the system in
a few coll,,sions	 However, as noted earlier, the electrons
v ..^uld not be able to absorb thermal energies of this magnitude
2
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on the time scale of the event. Accordingly, it will be
assumed than
T  (II)	 Te (1)	 - 4.0 ev
The particles that can be found in the region behind
the intense current sheet (III) have passed through the vig-
orous interaction zone but can be expected to approach thermal
equilibrium more closely because of the longer avai^.able re-
laxation time. A temperature estimate can be carried out
using the luminous wave profiles about the various probe shapes.
Henderson (34) identified such luminosity as an indicator of
heavy particle compression and heating across a shock, and
that interpretation can be applied here. Further, detailed
gasdynamic studies of low density gas flows have utilized the
glow discharge method of visualization (41], a technique with
very similar electrode components naturally available in the
pinch discharge, resulting in a close identification of such
luminous patterns with shock wave profiles. From luminosity
profiles such as those presented in Fig. 4-6, with a flow in-
clination of 5 0 , and an approximate shock angle of 20°, the
estimated Mach number would be MII1
	
3.5 Taking flow ve-
locity in this region as 1/2 Vs (Chap. 7), the indicated
sound speed would thenbe
l/2 V
a = M
	
;M 	 4.3, x 10 3
 m/sec
III
With an estimated pressure in this region of l atm, this value_
s
I
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of sound speed would correspond (42] to a temperature of
TA (III) 'OZZ'o Te
 ( I II) := 3.0 ev
which, is in reasonable agreement with other data.
With the above estimates of number density and tem-
perature, an evaluation of perturbations to the pressure
measurements can be carried out.
5.6 EVALUATION AND REDUCTION OF PRESSURE PROBE DATA
The data that have been recorded with the pressure
probe structure immersed in the stream of moving plasma are
subject to two major perturbations: those of the electro•-
static sheath surrounding the probe, and those related to the
viscous and compressible fluid mechanics of the gas moving
past the probe surface.
Regarding the electrostatic sheath perturbation, the
insulating surface of the probe will allow no net current to
flow from the plasma and so the probe will assume floating po-
tential (Vf/.,slightly negative with respect to the plasma (Vp).
With the orderings on cumber density and temperature presented
above, the important sheath parameters - the ion mean free path
( ^^ 10­
	10 " m) and Debye length ( r-, 10-7
 m)	 are related as
( ion mfp) >> h (Debye length)
and since the sensing element is embedded in a plasma surface,
the sheath meets the constraints of classical Debye shielding
for a plane nonconductor [IJ ] . However, the effects of such
a sheath on the pressure sensed at the probe surface can be
.b
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shown to be independent of the sheath structure and detailed
particle behavior. * First, it will be noted that the sheaths
under consideration can be seen to demonstrate a large value of
electron flux relative to ion flux, in the ratio (Te/me) ^12/(xi/mi).
As such, a calculation of sheath formation time must consider the
response of the ions in order to derive an upper limit for this
parameter; specifically for 10 ev ions,
kT,
1 
1/2
3vi - m 	 10 m/sec,i
and the Debye length for a sheath with 4 ev electrons,
kT 1/2h (m) E o 2
	
ti 10-7
n ee
so the time for the ion component to adjust can be approximated
as 1010
 sec. Accordingly, the sheath can be assumed to be al-
ways in phase with the plasma, and steady flow of the particles
through the sheath can be assumed. The physical geometry to be
considered in the sheath analysis is illustrated in Fig. 5-5
where it .:,hou.ld be noted that surface
	 is defined where local
E is zero, and surface O is taken within the insulator, and
includes the surface electron layer, so that at O is zero
also.	 An appropriate conservation of momentum for this control
volume can be written
L 00 v v ] dV +	 (pp) dV + [ p 2' ] dV = 0
v v v
where v is the particle streaming velocity and It	 is the
The author is indebted to Prof. S. H. ham for pointing out this
fact and indicating the appropriate analysis.
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electromagnetic stress tensor, i . = D.E + BiH, — 1/2It
(DkBk + BkHk) S i j .
face integration,
P v(v •
a
J	 a	 a
The integrals can be transformed to sur-
and the integration carried out for the four surfaces defined
in the figure. Accordingly,
if	 v3 = 0	 then	 pl ^. p3
and if	 v3	 0	 then	 pl - p3 + nmv3
or, the pressure transmitted to the sensing element (p l) is not
influenced by the existence of a surface electrostatic sheath.
An analysis of gasdynamic interaction effects on the
pressure data must take as its focal point the experimental re-
sults presented in Fig. 4-r9, where it can be seen that very sig-
nificant alterations of the probing shape produced only slight
variations in the resultant axial pressure profiles within the
current sheet. Apparently, the axial probe data can be treated
as though the element was embedded in a flat plate. Such be-
havior appears to indicate that the response is related to local
conditions rather than the overall flow.field about the probe
shape. This type of interaction can be described basically by
the Newtonian approximation, valid for steady-state hypersonic
flow or unsteady, adsorbing (cold wall) flow on a short time
scale; the latter appears to be compatible with the present case.
However, since the predictions of classical compressible flow	 i
in the limit of large M and small T agree with Newtoniar, re-
sults, the general steady- state interaction will first be
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considered and then evaluated for the appropriate limiting
conditions.
The evaluation of gasdynamic effects will depend upon
a number of parameters, most basic of which is the Mach num-
ber, defined locally as M v/a, where a is acoustic, velocity.
Approximating the particle velocity by sheet velocity and using
the heavy particle temperatures for sound speed in regions I
and TI, with MITI indicated above, there results
MI
	30	 M 1	 3.0	 , MIII
	
3.5
It should be noted that the assumption of sheet velocity for
evaluating MI
 can be expected to be excessive for the primary
phase of argon acceleration, but it is used only to establish
an order of magnitude.
For the axial probe configuration, the shock wave,
boundary layer analysis of the current sheet .interaction will
treat each sheet region independently in an attempt to estimate
the gasdynamic effects on the pressure data. Because of the
size (^, 1 cm) of the axial probe and the Mach numbers in-
volved, it is of interest to consider the possible effect of
viscous interaction in each of these three regions. Following
Hayes and Probstein [43], the quantity of interest is the -hyper
Sonic interaction arameter
M3 C	 i
i
-ReX
where C is a constant dependent on the temperature-viscosity
law, and Re
x
 is a Reynolds number based on length. When the
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viscosity is evaluated for highly ionized argon (401, and
approximate values are taken for the remaining variables, the
following results are indicated:
X(I)	 2.0	 X (11)	 0.6	 (III) "-- 0.l5
Accordingly, each of the three regions can be ,approximated by
weak interaction theory, i.e., the effects produced by the self-
induced (i.e., boundary layer growth) pressure gradient are small.
The pressures recorded in region I with both axial probe
orientations and the radial probe are all effectively equal. The
fact that there is little evident difference between stagnation
and static pressures is a clear indication that gasdynam c in-
teraction has little measurable influence on the pressure re-
corded in region I. Such behavior would be more compatible with
a lower ( < 1) Mach number flow than that indicated above. In
this context, where estimates of number density determined inde-
pendently (Chap. 6) and the indicated pressure are combined in
the equat,"Lon of state, p = nkT, a temperature variation from
zero to 30 ev is indicated. When these estimates are combined
with a velocity variation from zero to 1/2Vs (Chap. 6) lower
Mach numbers ( < l) are indicated. Accordingly, it will be
assumed that the pressures measured in this zone are approxi-
mately equal to pressures_ within the sheet for this region M.
The relationship between measured pressure and sheet
pressure in the more dense region can be carried out in the
following manner. It has been noted [43] that the inequality
2
x
P82
where S is boundary layer thickness, and rz
specifies the condition for separation of the flow field into
regions of classical shock wave and classical boundary layer
behavior. Further, since
2	 ^,
Moo 3C
x	 2	
^/Re x
	
M
Then
S	
^ 4. 2'ti
x IZ
and
0.04
With reasonable estimates of the density ratio, the above in--
equality is satisfied in both regions II and III and so a sepa-
rated flow field; analysis can be applied. Further, with the
boundary layer approximation, the variation of pressure across
the viscous layer can be considered negligible, and the primary
perturbation between the current sheet and measured pressure
values is then the pressure change across a shock wave or an
expansion wave. Taking the R 2 in. data as typical, from
the current sheet tilt and wave deflection data, a flow incli-
nation of 50 toward the cathode is indicated. Accordingly, the
probe data on the cathode would be subject to compression, and
that on the anode to expansion through that angle. With the
given flow inclination and approximate Mach number, the pres -
sure ratio across a shock with small flow deflection angle (9)
83
can be expressed (35) as
p	 + 2 W' { 2	 1)Poo^
	
V +
	
s
where
K - M 	 (Me) +	 M0 2 + 1s	 /	 4	 4
and for an expansion through angle A as
2 V
_
p	 l1 + 2^ --^ M8
poO
An approximate r = 1.2 is selected 'based on tabulated high
temperature argon properties (421 for the conditions compat-
ible with the indicated ionization and the compatible re lation-
ship of shock angle (P ) , 8, and M from experimental estimates.
Accordingly, for region II with M 1	 3.0, the pressure ratios
of 1.33 and 0.70 are indicated for the compression and expansion,
respectively. For region 111, it is more convenient to use the
measured wave angle, 113 = 200 , with MITI	 3.5 to estimate
p/pC	1.5 for the compression and 0.68 for the expansion.
Before the relationship of probe output to sheet static
pressure can be carried out, the spatial resolution of the probe
must be considered. Again, the probe surface is about 4 mm in
diameter, which with sheet speeds of 3 x 10 4 m/sec indicates a
period of 0.125 )asec for an infinitesimally thin profile to
sweep past that surface. Since the signal response in regions
I and III varies continuously on such a time scale, the output
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in these regions can be assumed to be directly proportional
to the average sheet pressure being sensed. However, region
xX is unique with it,s evident discontinuity at beginning and
end of the signal, so that the output signal is proportional
to the average pressure on the probe surface, and not average
pressure in the sheet region. Specifically, the time interval
between signal, rise and fall in region 11 (At) can be taken as
an indicator of the thickness of the dense region (
	 ), as
(Qt t sweep ) s
	
1.3 mm
for the 2-in. radius. Taking a plane-slab approximation of the
dense layer 1.3 mm thick, the slab area in contact with the
transducer (Ap) can be calculated as a function of time from
simple geometrical considerations. Accordingly, recalling that
the probe output is proportional to the ratio (AP/A.),, Eq. (3-3)..
the value of sheet pressure can be determined when A  is known
for an appropriate probe signal.
The evaluation of average static pressure within region
II is determined from analysis of the axial pressure data, based
on estimates of numbep density and argon temperature from radial
pressure data. The basic data (Fig. 5-1) indicate values of
measured pressures of P Z (c) = 3.0 atm and PZ(A) = 1.0 atm. With
a dense sayer thickness of 1.3 mm, the area in contact with the
crystal can be calculated; accordingly, Ap/AS ^: 15. This
factor, along with a factor to account for the gasdynamic com-
pression or expansion, when applied to the measured values of
pressure, indicates an average pressure in the entrained region
1
W
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of P
stet 
(11) = 3,5 atm, It is also of interest to note that
the axial (c) pressure corrected for the area ratio becomes
4.5 atm.
The pressure data that have been recorded with the radial
probe configuration must also be evaluated for gasdyna ►mic effects.
However, the gasdynamic interaction of a right-cylinder of revo-
lution, with its axis aligned in the flow direction, can be con-
sidered well-known [35,43]. The sensing surface was mounted
within the cylinder end--perpendicular to the flow direction
and so a bliant--body analysis is appropriate. A steady-state
hypersonic analysis for such a configuration (44] predicts
stagnation surface pressures as
	
1 — Z	 1	 V2p _
	
2	 l	 /^o
In the present application with 	 " I.2,
F t / oV2
in agreement with the Newtonian approximation to the flow-field
interaction. Such an approximation also appears most appro-
priate when the trans ient nature of the event is considered.
Specifically, the impingement of a plane pressure-temperature
discontinuity on a plane wall has been considered experimentally
and analytically by Baganoff [45] for the shock wave reflection
application. On the (psec) time scale of the reflection event,
it was demonstrated that the process of heat transfer from the
gas will affect the pressure history and inhibit the reflection
r	 I
r^?
36
event. Extending these concepts to the present case, the thick-
ness of the impinging layer (b ) is then a critical parameter as
the wall (probe surface) could effectively absorb the available
energy; an estimL.,te of the characteristic time for heat transfer
( BHT 	 a2) is of the same order of magnitude as the char-P
acteristf ic fluid mechanical time. On the basis of the above
discus,;ion, the Newtonian approximation will be applied, as
P =nmv2r
where n is argon number density and v is particle velocity.
The analysis presented above for the evaluation of pres-
sure and density from experimental data are based upon a number
of approximations which can be estimated to produce cumuLitive
results correct within a factor of two. While not exact, such
results will serve to provide a generally correct indication of
property profiles within the sheet structure.
5.7 SUMMARY OF REDUCED RESULTS
Using the procedures outlined above, profiles of static
0
pressure and radial pressure were reduced and are presented in
Fig. 5-6 along with current density variation. Current density
and electric field data were reduced following the outlines pre-
sented in the appendices. The profiles of magnetic induction (B)
and force density (j x B) are given in Fig. 5-7 and those of
electric fields (EZ and Er) in Fig. 5-8. Since they are signif-
icant indicators of the general mode of mass accumulation, the
variation of peak radial pressure and thickness of the dense
accelerated region (II) are given in Fig. 5-5
Pr PEAK
I	 I	 ^^
^	 lI
	
I	 II
	
I	 I	 iI
	
I	 1	 ^
I	 -•-- PZ (C) PEAK
i
1 "'—° PsrAT PEAK
I
I
I	 ^
1
PSTAT
mom
	
PR 	 1
X
6
5
4 E
0
M
3
2
6
5
N	 4
E
E0
N 3
2
l'
4
0
87
T x 10
	
7
	
115
90
75
60
E
0
aca-
450II
30
115
0 lo
	
-1.0	 -.5	 0	 .5	 1.0
i	 t (AL sec)
	
-3.0	 —1.5	 0	 1.5	 3.0
r (cm)
N	 R= 21 h=I' tsz2./1secR..
CURRENT DENSITY, RADIAL AND AXIAL PRESSURE PROFILES
FIGURE 5-6
1.0
F.8
N
E
.6 3
1 .4
5 .2
n O
E
coN
i
ti
Be
8 K 107
	 7
7
I^
II
	
I	 ^
	
I	 ,
I
L
	
I	 1 z Be
	
I	 i
6
4
Be
1^	
1	
II1
^I
l^
l^
N
E
E
N
2
0
0
	
-1.0	 5	 0	 +.5 -	 +1,0
Y	 t ( µ sec )
	
3.0	 —1.5	 0	 +1.5	 3.0
Q	 r(cm)
	
R
	
h=1 toi 2.µsec
CURRENT DENSITY, MAGNETIC INDUCTION,AND FORCE DENSITY
PROFILES FIGURE 5 -7	 {
7X 10'
6
2
0
89
i ►
II
II
II
II
II
I
i
I
i	 I
I	 ^
I	 i
I	 i
I	 Ez
I	 1
I
	
I	 I
1=--
	
I	 ^
	
^	 II
E R
I
N 4
E
a
EO
v
N
20. X 103
16.
^E
v
W
12.
8.
4.
0
c 1.0	 -.5	 0	 +,5	 +1.0
f (µ sec)
..	 R 2"	 h . 
1 ^^ y t	 2.µ SeC
CURRENT DENSITY, RADIAL. AND AXIAL ELECTRIC FIELD PROFILES
FIGURE 5-8Pow
90
(WW)
0	 0
N	 C7	 ^
GO
x
v
E	 ;r
a.^
D
Q
,_. ni
GA
Z.
Q
W
lN N
U)
W
x
CL
J
Q
N
X
Q
W
C
J
Z
U-
O
Z
M M
d
Q
l .- >
91
CHAPTER 6
ANALYSIS OF CURRENT SHEET STRUCTURE AND DYNAMICS
6.1 IN'T'RODUCTION
The two most important points to be considered in an
analysis of the data that have been presented are the indica-
tions of absolute mass entrainment and the development of a
compatible sheet model to explain the acceleration process.
The establishment of '-he current carriers within the sheet is
basic to any understanding and will be considered first. From
the measured electromagnetic field and pressure variation, esti-
mates of particle velocities through the sheet will be made.
Further, profiles of number density through the current sheet
will be derived and sweeping efficiency estimated. As the ques-
tion of energy deposition is critical to any acceleration scheme,
a general energy balance within the system will be discussed. A
momentum balance across the current sheet will be carried out;
the experimental force and mass distributions will then be com-
pared with various analytical models that have been proposed.
6.2 CURRENT CONDUCTION PROCESSES
The conduction of current by charged particles is inter-
related with the mechanics of particle acceleration, and so it
x
is of importance to establish the species of the dominant cur-
rent carrier. On the basis of the timeresolved spectroscopic
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results and collisional excitation noted earlier, an estimation
of the degree of ionization will be made. The time and space
resolved spectroscopy indicated dominant AII(lst ion) radiation
in the forward part of the sheet and significant AII= radiation
in the region of the current density peak; little AI(atom) ra-
diation was observed in any part of the sheet. The estimates
of energy transfer from inelastic electron collision indicated
that the high-energy tail of -the electron distribution con-
trolled the ionization process; such a mechanism for argon elec-
tronic excitation would be compatible with the observed spec-
troscopic behavior. On the basis of these results, it is evi-
dent that there are nonuniformities in the ionization profile
through the sheet, however, it appears reasonable for purposes
of analysis to make the approximation that the argon is uni-
formly singly ionized in they forward part of the sheet and
that the degree of ionization remains constant through the
sheet profile.
One model of the conduction process is that of colli
sionless particles moving under the influence of electric and
magnetic fields; it is accordingly useful to establish the
order of magnitude of some parameters of such motions., Specif-
ically, the radius of gyration of a charged particle in a mag-
netic field,
M v1
.	 a
rB ^qB	 ( 6-1)
where v, is the particle velocity perpendicular to the magnetic
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field, B, takes values of rB W = 10-2 and r  H = 10 6 m in
the region of maximum magnetic field, with v^ - s for in-
coming particles in the sheet frame. Accordingly, since
the ion gyro radius is of the order of the sheet thickness,
it is ind^.cated that the ion can be accelerated by the mag-
netic field interaction within the sheet. An order of mean
free path for ion collisions of about 0.1 mm in the dense region
indicates that the ions cannot be expected to behave as colli--
sionless particles. It would, then appear that the ions are
collisionally coupled once they have entered the entrained re-
gion. For the electrons, in the approximately fully ionized
plasma, electron- ion collisions become dominant (1^ei	 0.1 mm)
and result in randomization of electron motion, this fact along
with the estimated Debye length at 10 -7
 m indicate that the
electrons would not appear ro,llisionless.
In.. the light of the above considerations, it appears
most appropriate to adopt a continuum treatment to describe the
current conduction process. This approach is Embodied in the
generalized Ohm's law [46]:
— 7
pe 7 x B
0 [T + _^7	 B +(6-2)nee	 nee
n e
2
where^Q =
	
E is the electric field measured in the
e e
laboratory frame, and v is the mass averaged_ velocity of the
plasma in the laboratory fume. By expressing total current
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as the sum of axial and radial components, the following equa-
tions can be developed:
_	 1	 ,
7z	
^o Ez vrg9 + nee ^rBe
jdE + vz B  ^- j s +—^ ^.r	 o r	 8 nee z 9 nee	 r
where only aximuthal B fields are considered because of axial
symmetry and the axial electron pressure gradient is neglected.
On the basis of experimental evidence j r « j  and so in order
to carry out some estimates of the conduction process, j r will
be neglected here; further, in region I where the bulk of cur-
rent is conducted, the electron pressure gradient can be shown
to be negligible, -thus implying
j 	 Crn (Ez — vrBe ]	 (6-3)
^ z B9	
E + 
v B	 (6-4)
nee	 r	 z 6
Considering Eq. (6-4), since
J z	 nee (vz e 	vzi )	 ize + vzi
and v  ` vzi , then
Be
Er	
n e	 jz^	 (6-5)e
Accordingly, it can be seen that there is a direct correlation
between radial electric field and electron current. From meas -
ured E-, B and estimated n substituted in Ea. (6--5) and com
r 8
	 e
00a
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pared with j Z , it can be concluded that the bulk of the current
(region I) is carried by electrons. This conclusion is rein-
forced by the simultaneous symmetric axial pressure records
and similar radial records for this same region as discussed
earlier. The accuracy of radial electric field measurements in
the later regions will be affected by gasdynamic interaction
[3 6 ) and so this analysis will not be applied there. It should
also be noted that the radial Er field, due to charge separa-
tion, drops sharply at the exact same time that the radial pres-
sure record begins demonstrating a signi P.i.cant ion concentra-
tion (Fig. 5-3)	 Further, it will be noted that Eq. (6-5) can
be used as an indicator of number density in region 1, with
measured E r , B., and Jz.
An indication of the current carriers in the dense, en-
trained region (II) can be derived from the axial pressure
records. For this zone, there is a substantial difference be-
tween the pressure sensed on the cathode compared to that with
an anode mounting (Fig. 5-1) 	 The difference must be accounted
for by the axial streaming of heavy particles, that is, sub-
stantial currents are conducted by the ions in the dense en-
trained region. Specifically, the definition that
J zi (II)	 n A e vzi	 (6`6)
where nA is the number density of argon particles, all assumed
singly ionized, will be used in a compatible calculation of
both number density and axia.1 ion velocity.
PW
^B@
Po a Z
(6-7)
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The measured current density in the after region (111)
is relatively small but with currents in the same direction as
the main conduction zone. There is only a slight asymmetry in
the axial pressure data which can be accounted for by the flow
inclination as evidenced by the luminous wave patterns. Accord-
inalyj it will be assumed that the electrons are the primary
current carriers in region III.
Regarding the radial current component, its magnitude
was estimated from the appropriate component of Ampere's law,
as:
With appropriate values for R 2 in.,
	 5 x 10 6 amp/m 2 as
compared to jj Z = 7 x 10 7 amp/m'. These figures indicate the
justification for neglecting radial current, but also show
agreement with the approximation
r 
#-%0	 (6-8)
where 0 is the current sheet t3i.lt from luminosity or magnetic
probe records.
6.3 ESTIMATION'S OF PARTICLE VELOCITY
The model that has been developed of the current sheet
interaction with the ambient argon atoms is one where the ap-
proximately static atom is approached by the imploding current
sheet, ionized by, electron collision, passes through the cur-
rent zone with some thermalization of its kinetic energy, meets
00
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a very strong ion colli'sional interaction in the dense zone
(11) and is entrained at sheet velocity or "leaks" through
the current sheet after having been accelerated to a fraction
of sheet velocity. Clearly, if a particle is entrained it
will be traveling at sheet velocity (V p ), but an estimation
of particle velocities prior to and after this region are
of interest.
The relative energy between a static ion and one en-
trained in the current sheet is 180 ev, as noted earlier. In
zone I an ion overtaken by the current sheet would collide pri-
m 'ly with electrons which would produce little effect on itsari
trajectory because of the mass discrepancy, however, the colli-
sions with argon particles would randomize an increment of the
.,t n^oming ion velocity. With the electrons carrying the cur-
rent, the j x B force is applied,to the electrons and trans-
ferred to the ions by the measurable charge-separation radial
electra,c field. Again, it is desired to establish limiting
profiles of ion velocity and number density on this region.
On this basis, the minimum ion velocity in the current zone
will be calculated as defined by its collisionless motion
through the electric field. By equating particle kinetic
energy with the field energy increment, the ion velocity in
the sheet frame as a function of position in the current sheet
is
r
s
2	 2	 2	 eE dU	 V
ri	 s mA	 r r f
0
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and since sheet position can be transformed to the time of
s.heet passage at a fixed positioal
t	
1/2
2eV
Uri (I) _ ^^ .^ .._....s.	 ^rdt
O
(6-9)
From measured profiles of Er (Fig. 5-8) the lab velocity
vi Vs u  in Fig. 6-1 was derived. The maximum value of
ti 1/5'VS should be noted as conservatively low because of the
gasdynamic distortion noted (Appendix B) for radial electric
probe measurements and the effects of collisions.
An estimation of particle velocity in region III,
behind the intense current zone, c
Eq. ( 6 -3) , where for n 
	
1016 /cm 3
mho/m and so jZ/ o ;.10 2 v/m which
with the magnitude Of the remaining
an be c
and Te
can be
terms.
arried out using
3 e v, Oo	 10 4
neglected compared
Rearranging, the
particle velocity then becomes
E
vri (III)	 (6-10)
9
and from the field profiles (Figs. 5-7 and 5-8) the variation
presented in Fig. 6-1 is implied.
6.4 NUMBER DENSITY PROFILE AND SWEEPING EFFICIENCY
The derivation of profiles of particle number density
compatible with the profiles of pressure, electric and magnetic
fields, is desired. As in the earlier treatments it is most
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convenient to discuss the distinct zones of the sheet sena-'V --
rate ly.
Region I
The leading edge of the current sheet has been identi-
fied as one with intense electron current conduction. Further,
the simultaneous drop in Er (Fig. 5-1) and rise in P r (Fig. 5-3)
0at the instant of B. peak both indicate the arrival of signifi-
cant numbers of ions with the related increase in number density.
The increment of radial pressure between Be
 peak and the major
pressure discontinuity does not appear on the axial pressure
records, leading to the identification of this increment with a
directed motion of ions. Experimentally then, this initial zone
W appears as a primary region of isotropic pressure and a sec-
ondary region with small but definable increment of impact pres-
sure that wn be used to indicate number density. Since the
isotropic pressure can be attributed to either density or tem-
perature effects, it appears necessary to evaluate a more general
density profile. This evaluation can be carried out by appealing
to the apparent absence of mass accumulation and resulting steady
flow of particles through the zone. Taking a frame of reference
fixed with the sheet, to good approximation:
(zone I)	 no V s = nu	 (6-11)
where no
 
is ambient number density, n is ion number density
through the zone as a function of particle velocity, u V — v
s	 r
Taking the variation of v
r
 presented in Fig. 6-1, the number
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density profile indicated in Fig. 6-2 was derived. Since the
particle velocities were derived from a radial E field integral
(collisionless), the region of questionable accuracy is shown
dashed.= However, it is to this subregion that the radial pres-
sure :increment can be applied, with the following formulation
ilPr
 _ nAmAvr.
where v  is the local field—induced ion velocity. It can be
seen that there is reasonable agreement between the two sets of
data when they overlap. It will again be noted that the derived
results represent a minimum velocity profile and a maximum num-
ber density profile according to the model. As a further check
on the indicated profiles, number density was calculated from
Eq. (6-5) and was found to be in reasonable agreement when the
experimental error in Er was considered.
Region II
The number density in the entrained region will not be
treated as a, distribution but as an average due to the inade-
quate resolution of the measurements within the estimated 1.5 mm
thick zone. Because of the large pressu_e discontinuity on both
the radial and axial records, it must be expected that the dis-
tribution is actually sharply peaked at the leading edge of the
region; the implications of this effect will,. be discussed later.
The derivation of number density from radial pressure measure-
ments will first be presented, and then • he relationship of axial
measurements to axial ion velocity will be outlined.
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The reduction of an average density from radial pres-
sure measurements is carried out from an impact analysis,
P	 n	 2
r eA'r
where v 
r 
for the entrained mass is equal to sheet (V p ) velocity.
Taking the appropriate value for R = 2 in. of P.
	
100 atm, the
indicated average number density is n A (11) = 1.65 x 10 17 /Cm 3
(Fig. 6-2).
As has been noted earlier, the difference between the
static response, Pstat" and Pz (C) can be related to the ion num-
ber density and axial velocity. Again equating pressure incre-
ment to impact momentum transfer,
2apz = n eAvZ i
where, when appropriate values are sub8tituted (AP Z = 1 atm)
then v 
zi = 3 x 10
3
 m/sec is indicated. This value compares
favorably with the tilt component of axial velocity,
Vsino = 2.7 x 103 m/sec. A further check on the magnitude of
the axial velocity can be carried out on the basis of an axial
momentum balance,
f	 vZ
	 Dt z
and if the force field to the leading edge of region II is con-
sidered, steady flow conditions can be applied to give
j Be n m V Vz
r	 o A s 0r
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Recalling that j r ^ Oi z , then
B
dvz =^ dr
nomAVs
and across the region of interest r ^s constant, so from Ampere's
law,
OBedB9
d vz	
p,n(,'AVsx	 x
then at the leading edge of Zone II
2
X89	
^- 2.8 x 10 3
 m/secvz	
^FonomAVs
in reasonable agreement with the results derived from pressure
measurements.
The above value of axial ion velocity can be related to
current density through Eck. (6 -6) , as
j	 8 x 10 7 amp/m2
z i _ nA^",vz "'
compared with the total current density," j Z = 2.5 x 10 7 amp/m2,
it is apparent that negative electron currents are flowing, with
axial velocity vZe ^ 2 x 103
 m/sec. It would appear that the
negativi;. electron current is due to collisional coupling of the
electrons with streaming ions in the dense, entrained region.
Region III
The gas that has been passed over by the intense current
I
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sheet appears to have a significant induced velocity as evi-
denced by the axial electric field. Using the particle veloc-
ities  indicated in Fig. 6-1, the number densities in this re-
gion were est-imated using the radial probe data, with
2Pr neAvr
The indication of number density from the axial probe measure-
ment and the estimated temperature are in reasonable agreement
with the impact profiles.
Mass Entrainment
The analysis presented to this point serves to identify
the reservoir of entrained mass as contained within region II,
since the primary region (1) appears to support steady flow, and
since the swept region (I11) is evidently not directly coupled
to the intense acceleration zone. A. calculation of entrained
mass, then, is effectively a calculation of the mass in region
II. Analytically, it is appropriate to define the r l io of mass
entrained in the current sheet layer (II), to that originally
in the annular swept volume as the sweeping ratio
S vent	
mA(21IR b )
	
_h
no 
mA II(R02 — R	 h
Accordingly, the density in _region II can be expressed as
no (Ro 2	R2) S
nIi no +	 2R b
OW
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as a function of radius and 6	 or, with measured values of
nil,
s- n=T —1
no
2R- 6
R0 2_R2
The variation of measured values of nii and 6 with radius, and
the derived variation of S is presented in Fig. 6-3
6.5 ESTIMATED TEMPERATURE PROFILE AND ENERGY BALA14C E
From the measured static pressure profile and the number
density variation reduced from radial pressure records, it is
possible to estimate particle temperatures from the equation of
state, p	 n'kT. Since it has been assumed that n. = n , a cal-1	 e
culat,on of total particle temperature T  = T  + T  can be
carried out directly. Species temperatures can be distinguished
by estimation of electron temperatures in the various regions as
proposed above. On this basis, the estimated temperature pro-
files are presented in Fig. 6-4. These results are meant to
serve only as general indications of thermal energy deposition
and not as exact profiles. Specifically, , it should be noted
that it is only possible to consider average values for region
II because accurate resolution of details is impossible. How-
ever, the data do appear to indicate that this is not a region
of constant pressure, density, and temperature, but is sharply
peaked at its leading Edge in all these variables. This effect
could help to explain the estimated 34 ev ion temperatures at
the leading edge and the average of 12.5 ev for the zone. A
t
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sharply peaked profile could still exhibit a temperature jump
at the leading edge to be compatible with the pressure and den-
sity discontinuity and yet satisfy the temperature estimates
presented.
With an estimate of particle temperatures through the
current sheet, it is now possible to carry out a general energy
balance within the discharge system in an attempt to corroborate
the sheet behavior postulated and to clarify further the sheet
interaction mechanics Calculations of energy components will
be carried out for the R = 2 in. sheet position.
The total energy input to the discharge chamber can be
estimated from .measurements of voltage drop across the elec-
trodes (Vch) and circuit current (1) , as
.,t
Ech
	
I • Vch dt ti 400 joules
0
where t is the time required for the sheet to reach radius R
The energy deposited in the magnetic field system behind the
sheet can be expressed as
R 2
EB
	
	 2 (2flrh) dr ti 200 joulespo
0
The kinetic energy of the particles accelerated by the current
sheet is
Ekin 1/2 noSmAVs 2 n (R(2
R
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Accordingly, the thermal energy increment can be evaluated as
ETH = Ech -° (EB + Ekin) 	 100 joules
in agreement with the equipartition of sheet energy between:
kinetic and thermal components expected for the constant ve-
locity trajectory (12). When the 100 joule energy increment
is averaged over the available atoms the value of 180 ev per
particle is arrived at, in agreement with the thermal component
calculated from ion kinetic energy in the sheet frame; it is
much more appropriate to examine the component parts of the
thermal energy deposited within the sheet.
As a first step, the kinetic energy of axial streaming
will be evaluated as
E kin (z) - 1/2 mAn,,vzi2	 2nR S • h	 1 joule
a negligibly small component, accordingly, in the sheet frame
E TH ~ Eint - E T + Eel + Eion + El/
where the so-called internal energy is broken into transla-
tional (temperature), ionization, electronic excitation and radi-
ated energies. Now the translational and ionization energies can
be calculated separately using the estimated temperature profile
(Fig. 6-4) and the assumption of complete single ionization;
ET
	n • 3/2 k ( T A  + T e )	 vol.	 15 joules
2	 2E ion (1st)	 e 	 no n (R0	R) ' ' h ti 10 joules
Ill
with e 
	
15 . 75 ev. The energy deposited within the electronic
excitation mode has not yet been considered; i.e., if this term
was neglected there would exist complete nonequilibrium between
the electronic states and the translational states. For the
other limiting case, assuming complete equilibrium between the
translational and electronic modes as would be expected because
of electron activity, the internal energy can be estimated from
the work of Knoche (47 , 48) who considered the thermodynamic
properties of argon plasma to temperatures exceeding 10 5 0K.
This work assumes complete thermal equilibrium, including equal
electron and ion temperatures, resulting in dominant sixth and
seventh stage ions at 10 5 oK. In order to estimate the elec-
tronic energy investment in the present case with dominant first
and second stage ions, the appropriate internal energy for that
condition was estimated as
el " 15 joules
must be completed, then, by a term
by radiation. The components can be
mplete- the energy balance, as:
ti 1 joule
15 joules
Eon (lst)	 ti 10 joules
E 15 joules^ 1	 .•.
Ev
	;:t 60 joules
^E ETH ti 100 joules
s
The thermal energy balance
to account for energy loss
tabulated and summed to co
Ekin(z)
EM
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The radiated energy component can be used to define an effective
"brightness" temperature, Tv , as
t
E -2 , 2nR - h . C^rT7.^ 4 dt
0
where with E. = 60 joules, kTy =	 1.2 ev indicating an optically
thin body of gas. The significant percentage (60%) of thermal
energy lost in radiation agrees with the experimental observa-
tion of intense light emission from the sweeping discharge.
6.6 ACCELERATION MECHANICS
The analysis of the current sheet presented above has
established the distribution of mass and the distribution of
energy within the current sheet. The analysis of acceleration
mechanics is basically concerned with the establishment of a
radial momentum balance within the sheet system, Accordingly,
a differential formulation of momentum conservation will first
be presented and the application of this relationship to the
current sheet will then be carried out.
The radial momentum balance, neglecting boundary effects,
can be written most generally (per unit volume) as
DV
f-	 ,, u?-•
	
r	 ^t
or
	
7p ^	 2
fem ca
	
+
r	 a t	 ar _(^^r )
where fem is the electromagnetic force applied to the streaming
1
i	
J
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particles. This expression will be applied in a frame of ref-
erence fixed with the current sheet. It has been established
that the electrons are the primary current carriers in the
sheet and accordingly, that the j x B momentum .increment re-
ceived by the electrons is transmitted to the ions through the
radial electric field. Since the radial E field drops rapidly
toward zero at the time of B e peak, it can be presumed that the
local j x B increment is applied directly to the heavy particles
without measurable charge separation after that point. Accord-
ingly, for a momentum balance between the sheet leading edge
(Rl) and a point later than Be peak (R2)
R2 	R2	 R2	 R2
DP
	
J P	 c)((^yr2)j zB^dr — ^r dr.	
^:t yr dr +f ^ r dr
Rl	 Rl	 Rl	 Rl
since
at (rvr )	 yr
Further, in the sheet frame, v  = 0 for the region of entrained
mass ( a('/cat 4 0) , and taking ambient properties (v) as initial.
conditions (p
o	 ro
0, v 	
s
V ) , then
R2
j zBedr + p2 + /2vr2
2 —//00 V s2  0
R1
Now the experimentally derived profile of entrained mass hag
indicated mass concentrations within a thin, discontinuous
region, accordingly, it appears most appropriate to apply the
x:.
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above relationship between ambient conditions and an interface
defined slightly behind region II, where in the near vacuum,
P2	 0, then	 R
2
2	 2j Zagdr = / oVs _ /'III vrIII
R1
This expression can be further reduced by applying the expression
of mass conservation, as
Ft + ^ ( /3 vr) = 0
which, when integrated between the points of interest gives
v	 ,_
	 V — tiii . 6	 V (1 S)III rIII	 /'o s	 a t	 ^o s
Substituting into the momentum balance
R2
P jB	 jzB drA	
^oVs2 S
1
where S is the sweeping efficiency defined earlier, and PjB
is the effective pressure acting on the entrained mass due to
the j x B force field. Taking experimental values,
P, = 3.36 x 10 5
 n/m2 , implying a sweeping efficiency of
7
$
S	 1.8,-in obvious contradiction with measured S ti 0.9 and
i
a limiting value o f S` (max)
	
1. The above calculation must
be interpreted from the point of view that the equation does
not `describe 'a complete momentum balance. Specifically, a
momentum increment due to the boundary layer effects at the
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electrodes can be expected, which within the general orders
of magnitude of the problem could account for the excessive
momentum increment. It will also be noted that there is
apparent agreement between effective driving pressure and the
average static pressure of the entrained mass, i.e., P i g ' Pstat-
It would appear, then, that the current sheet interacts
with the ambient gas as a slightly porous piston. In the con-
text of that observation, it is of interest to consider the
state of the gas left behind (III) by the intense current sheet
interaction. Following region II, there is an evident low pres-
sure region followed by a gradual continuous compression and a
secc.-nd expansion. For purposes of analysis, this behavior will
be compared with that predicted for gas behind a real, physical
piston. For such a case, the important parameter for the ga.s
behind the piston is the characteristic velocity, UL . A piston
moving with a velocity greater than iUL will be followed by a
region of vacuum and then a continuous compression. The char-
acteristic velocity can be evaluated as
2a
U = —o
L' — 1
Taking approximate values of	 1.3 and a  ti 4 x 10 m/sec
for T 1,3 ev [42], then UL	3 x 10 4 m/sec -- very near sheet
velocity, indicating that this effect could. significantly in-
fluence the swept gas. Accordingly, the behavior of the un-
swept gas is in general agreement with the concept of the cur-
rent sheet acting upon the ambient gas as a porous piston.
t
;i
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6.7 DISCUSSION OF ANALYTICAL MODELS
The analysis of the current sheet that has been carried
out has been based exclusively on the compatible i..iterpretation
of simultaneous experimental profiles through the sheet. It is
now of interest to consider the profiles that have been derived
within the structure and to compare them with those predicted
by more general analytical models that have been proposed.
Snowplow Model
The snowplow model provides perhaps the simplest model
for dynamic current sheet interaction. It is based on the
assumption of an infinitely conducting body of plasma, through
which the current'-must flow through a thin surface layer. This
surface current layer is presumed to act as an impermeable
"magnetic piston" that entrains the swept mass in a very thin
.layer on the surface a>,; carries it along. The model, then,
predicts an infinitesimally thin current sheet with no magnetic
field in front and no mass in the rear; across that interface
the gas kinetic pressure, P, will equal the magnetic pressure,
Pmag as
R2
B2 R
P - jZBB dr=o - Pmag
-1
Accordingly, it can be seers that such a model would not provide
an exact analysis for the present experiments for several rea-
sons. First, the current sheet is not infinitesimally thin,
but has a finite 'width ( ti 2 cm) with mass concentration
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( ry 2 mm) in the rear of the force field. Since there is no
definable interface where there is a balance between gas ki-
netic and magnetic pressure, there are conceptual difficulties
in defining the snowplowing surface. Further, the basic model
does not consider leakage, however, such effects can be in-
cluded in a straightforward manner. It should be noted that
while this model is not exact, it does agree approximately with
a correct momentum balance outlined above, applied as jump con-
ditions across the current conduction region.
Shock Wave Models
When the specification of finite compressibility of the
gas is introduced into a piston-sweeping model, ,rt can be ex-
pected that ?:. -;,shock wave will emerge from the interaction.
Accordingly, the experimental results will be compared with the
predictions of such a model. It should be noted that it is well
established that shock waves can be generated in 100 	 ambient
argon [49], however, the conditions required for classical shock
formation in electromagnetic shock tubes are not clearly under-
stood [50],. The present experimental results define a density
discontinuity imbedded in the rur,rent sheet,with no measurable
change in the magnetic field corresponding to the density vari-
ation. Accordingly, since analysis of MHD shocks invariably
predicts a change in magnetic fields across such a density dis-
continuity [51], the experimental results will be compared with
classical gasdynamic shocks as a valid approximation. However, 	 {
it Will again be emphasized that there is no clear delineation
J
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between piston and shock in the present experiments, in fact,
the shock is imbedded in the rear of the force field.
Detailed calculations of the flow field produced by a
pressure discontinuity in a cylindrical shock tube have been
presented in the literature [52, 531, however, the results do
not clearly define the behavior of an effective piston and so
application to the present case is not straightforward. How-
ever, the conditions of the present experiment can be directly
compared with the results of a self-similar solution of the
multidimensional piston problem presented by Chernyi [351. The
analysis presented is based on a Lagrangian formulation and
expansion of gas properties in terms of the strong shock density
ratio. When that solution is adapted to the cylindrical im-
ploding geometry with a constant velocity piston, a constant
velocity sh ck with constant pressure and density behind the
shock are predicted. The theoret.cal separation of piston and
shock ( 8 shock) predicted by this analysis is presented in
Fig. 6-3 for purposes of comparison. This solution, then, pre-
dicts a constant post-shock pressure with linearly increasing
shuck separation ( b shock) . This behavior is in c?l,rect con-
flict with the present experimental evidence, where it is ob-
served that the region of entrained mass is approximately con-
stant thickness while its density significantly increases with
implosion. From this compa,r,"Laon it is evident that the sweep-
ing current sheet, although acting to entrain a very high per-
centage of mass encountered, does; not interact in detail as a
classical piston during the discharge initiation period observed.
119
Compatible analytical models for thm cylindrical elec-
tromagnetic discharge have been presented by Greif nger and
Cole [54] for the infinite conductivity case, and Hoffman (9]
for specialized finite conductivity cases. Both solutions are
based upon the application of similarity techniques to the com-
plete equations. However, the infinite conductivity assumption
with the implicit infinitesimally than sheet does not accu-
rately describe the experimental configuration of a diffuse cur-
rent sheet providing a distributed force field. The finite con-
ductivity calculations [9] include predictions of number density
profiles for perfectly sweeping sheets; the theoretical solution
for parameters appropriate to the present experimental results
show reasonable agreement up to the pressure discontinuity,
which is a singular paint. On the basis of this theoretical
study and related experimental, studies, it was concluded that
shocks would not form in the forward portion of the current
sheet in argon. The trends evident in the present experimental
study do indicate an approach toward an entrained gas region of
constant density and increasing thickness ( S ) as the sheet
implodes, but any prediction of eventual shock wave separation
from the current sheet does not appear to be warranted. Regard-
ing the significance of the present results to apurely analytic
treatment, there are clear ,indicators of conductivity profile
and boundary conditions within the sheet, both of which are
critical elements in the development of any similarity solution.
i
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CHAPTE R 7
SUMMARY
The interaction of a dynamic current sheet propagating
into ambient argon has been examined experimentally in a linear
z--pinch device and the results were incorporated into a com-
patible sheet interaction model.. Some specif ic aspects of the
study are as follow:
Measurement of pressure profiles through the current
sheet requi:ced the development of a high-speed piezoelectric
pressure transducer. This study resulted in the determination
of a new criterion for matching the piezo material to the probe
body and the utilization of a unique high voltage insulation.
The examination of probe-discharge interaction re-
sulted in the discovery of luminous profiles about the probe
in the swept gas region and their tentative identification as
shock waves resulting from a sheet induced flow.
Simultaneous measurements of pressure, current density;
and electric field served to identify three negions of dominant
behavior within the current sheet; ^n sequence, regions of cur-
rent flow (I), mass accumulation (II), and induced flow of un-
swept gas (III) were defined. The primary current carriers
were found to be the electrons; however, sign:; 0' :Lcant axial.
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streaming of ions was identified in the rear of the sheet (11)
corresponding to ion current conduction.
Profiles of particle density, temperature, and velocity
tArough the sheet were derived from the data. With these re-
sults the current sheet was seen to entrain a large percentage
of the mass it encountered; a momentum, balance established the
existence of a substantial loss machan ism, such as electrode
drag; an energy balance was in agreement with temperature and
ionization models and defined a significant radiation loss.
The momentum balance across the current sheet was found
to agree in concept, but not in detail, with a snowplow formu
lation. Exper.Imentally derived, variation of pressure, density,
and width of the entrained gas zone during the initial discharge
period observed did not agree with separated piston-shock wave
models of current sheet interaction. The significance of the
experimental results to a general theoretical analysis of cur-
rent sheet interaction was concluded to be the definition of
the dominant mechanisms for each of the regions within the
sheet structure.
I
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APPENDIX A
MAGNETIC PROBE T ECHNIQUES
A. 1 INTRODUCTION
A knowledge of magnetic field distribution profiles is
an important element in the analysis of any electromagnetic
event. The determination of these profiles for a transient,
self-field discharge can be carried out with sample inductive
loops. The performance of such devices has been well.-documented
in the literature [17), and so the present outline will be di -
rectly concerned with basic performance, perturbations of probe
output, and evaluation of current density from the basic mag-
netic field data.
A,.2 BASIC PERFORMANCE OF THE INDUCTIVE LOOP
An inductive loop is simply a length of conducting wire
turned to form a closed contour with twisted leads. The rela-
tionship between voltage output and magnetic induction is pro
i
vided by Faraday's law,t..
O x E - 
at
which when integrated over the loop area indicates a voltage
B ^
f
Vi (emf)
	
	 ,t	 dA
A
t
A ct for B constant, normal to A
	
a
r
^r
.1.23
The magnetic induction can be most easily determined by in-
tegrating the above signal in a passive RC network with t4?^r
urinating resistance Ro , integrator resistance R, and inte-
grator capacitance C, resulting in a signal, voltage
Vemf)(	 1 r V .  dtB	 RC j B
A	 B for a single-turn coil
'^' RC
On the basis o,i providing sati-sfactory spatial resolution
with the 5/32-in. diameter pressure probe, all magnetic probes
were fabricated with either two or three turns of #27 Formvar-
coated copper wire and wrapped with a 3/32- • in. (2.4 mm) in-
ternal diameter. Several inches of twisted lead connected the
coil to 50-0 cable for transmission to the oscilloscope. The
primary constraint on the probe system is related to frequency
response, defined in terms of T'- L/R o , the time it takes a
suddenly applied field to enter the coil. Taking approximate
values for the above circuit, Z' = 1010 sec, well within the
time scale of the current sheet event. In order that the error
introduced by the integrator„ would be small [17], the constraint
2'e (experiment) << RC = 200 }sec was satisfied.
Probe coils were calibrated by discharging seveval
dumped capacitors through 'a shorting post in the discharge cham-
ber; the output was compared with the magnetic fields calculated
from known currents and radial position.
I
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A.3 PERTURBATIONS OF MAGNETIC PROBE OUTPUT
As with any probe technique which requires immersion
of the sensing element within a moving plasma, the magnetic
probe signal is subject to distortion. Effects 	 as ther-
mal heating of the probe covering, ablation and its conse•
quences, distortion of current patterns have been discussed
generally by Lovberg (17) and specifically for the present
application by Burton and Ellis [13,14). Ideal magnetic dif-
fusion times were calculated to be well within acceptable
limits; however, the effects of plasma diffusion in the en-
vironment of a gasdynaml*c interaction with the probe structure
are of some concern. Simultaneous measurements of 	 and
pressure are intended, and any delay in Be due to diffusion
would be unsatisfactory. In order to evaluate this effect,
a series of shots was taken in the pinch chamber, varying the
thickness and type of insulating covering over the magnetic
probe while maintaining every other parameter constant. A
highly reproducible current sheet was developed for this pur-
pose by altering the circuit current waveform; the results of
this study are presented in Fig. A-1. It can be seen that
there is a significant reduction in the magnitude of B e peak
with the heavier insulation. Further, there also appears to
be a noticeable broadening effect in the Be
 
profile with
covering thickness; this implies that for detailed sheet studies,
a magnetic probe coil should be given only thin coverings of
insulation. Accordingly, the magnetic probe coils built into
FORMVAR INSULATION
0.5 mrn DUCO COVERING
OVER FORMVAR —
LOOP OPEN
I mm DUCO COVERING
OVER FORMVAR-
DUCO FILLED LOOP
5mm DIA PYREX TUBE
OVER FORMVAR
T-1640
T -1647
I
Be
Mkl
be
Be
T -1638
-,04 Ii.sec
Be
T .- 16 36
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RESPONSE OF MAGNETIC PROBE WITH VARIOUS
INSULATOR COVERINGS
FIGURE A-1
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the pressure probe structure were insulated only by heavy
Formvar and a very thin covering of epoxy. For the general
chamber survey, a coil encased in a 5 mm diameter Pyrex tube
was employed.
A.4 CURRENT DENSITY 'DISTRIBUTION
The iokitput from an induction coil can be related to
current density through Ampere's law, neglecting displacement
current,
Po	 V X F	 (A-1)
or in its appropriate form for the cylindrical geometry,
(r, t)- 1 C) (rB	 (A-2)z	 Po r c) r
The above equation can be integrated over a surface in the
r — 9 plane to give
	
P
o 
I 
enc 
(rt) - 211r D 
G ( rt )	 A-3)
which when substituted into (A-2) provides
z (r,,	 2r1r at) - 1 C) (Ienc
	
(A-4)
Following Ellis (14], (A-3) will be differentiated with respect
to time, and the enclosed current variation at a fixed radius
will be expressed as
circuit +convection
1	 ai
,enc	 enc
Rog IRog V s c7 r
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which when combined and substituted into (A--4) for D /ar (lenc)
gives
Z fir, t)	 v	 H 8 '°~- x. He	(A-5)o s	 Rag
where Vs is current sheet velocity, and the subscript Rog re-
fers to Rogowski coif. (total circuit current) data. The cur-
rent density profiles evaluated by the above technique were
checked for accuracy by comparison with enclosed current pro--
files; the enclosed current calculated from a time integration
of current density, compared with a more direct calculation
from Eq. (A-3) were generally found to be in agreement. The
distribution of chamber current for the given waveform was
found to result in approximately 75 percent of the current
flowing within the sheet, with the remainder distributed in
the swept area.
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APPENDIX B
ELECTRIC PROBE TECHNIQUES
B. I INTRODUCTION
The existence of finite electric fields within sweep-
ing currant sheets has been experimentally established by the
application of the double floating probe device [4, 8, 13, 171 .
The principles of operation and the application to the study of
current sheet structure can be considered well-known and will
not be repeated here. The unique aspect of such a measurement
in this study is that it will be made simultaneously with both
pressure and magnetic:, probes. Accordingly, the questions of
primary significance are those relating to the accuracy of
the measurement in both time and magnitude.
B.2 BASIC PERFORMANCE OF THE ELECTRIC PROBE
The floating double probe is a device than measures
the difference between floating potential at two points in a
plasma. To accomplish this measurement, two closely spaced
electrodes are allowed to float in the plasma with a signal
proportional to their difference being recorded. Specifically,
a conically shaped probe was used with a 2.5 mm diameter ring
electrode separated by a 1.85 mm gap from the second electrode
at the tip; electrode surface areas were equal. The components
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of the system are shown in Fig. B-1. The design of the trans-
former and performance of that unit have been clearly outlined
by Burton (131. The frequency response and calibration of the
circuitry with R = 0 was carried out with a square wave gen-
erator;freqiuency response was fomnd to be satisfactory and the
voltage reduction factor was 0.125.
While the probe circuit will produce a signal pro-
portional to the difference of floating potential (V f)  the
quantity of direct 'Interest is the difference in plasma poten-
tial (V p ). The relationship between these two quantities is
the difference in sheath potential drop (V' s ) , as
(V f2
	
Vf	 (V — V pl ) + (V s — V s
P 2	 2
The sheath potential drop will be of the order of kT 
e 
/e; ac-
cordingly, with kT e (max)	 4 ev, an electron temperature gra-
dient greater than about 1 ev in 2 mm would not be expected.
Such a temperature difference would be negligible compared to
measured signals of about 20 volt: in the center of the sheet.
Accordingly, the local electric field will be evaluated as
Vf
VV ^14	 2e%j	
SE
where E is the electrode separation.
I
B.3 PERTURBATIONS OF ELECTRIC PROBE OUTPUT
OW
The basic advantage of the double probe is that the
currents drawn from the plasma are quite small in order to
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avoid distortion of the meOium. However # the finite size of
the probe may result in gasdynamic interaction as a serious
source of error. As a guide to interpretation of such effects,
the results of some preliminary work reported by Turchi (361
are of interest. In a series of carefully executed ex pdri-
ments, it was found that the indicated elect-ri,c field signal
of a floating probe is dependent upon electrode separation
and on the shape of insulating surfaces surrounding the elec-
trodes. Specifically, for a conically shaped probe as used
in the present experiments, the electric field was found to
be lower than that obtained with small, spherical electrode
tips by a factor of up to 0.63. The trends noted in these
experiments will be useful in the evaluation of electric probe
data.
APPENDIX C
VOLTAGE PROBE TECHNIQUES
C. I INTRODUCTION
The significance of voltage measurements in this
study lies in their direct relationship to energy deposi-
tion. Specifically, a knowledge of the resistive drop across
the current sheet allows an estimation of ohmic heating, and
a knowledge of the total drop across the chamber allows an
estimation of total energy supplied to the current sheet and
magnetic field system. For all voltage measurements that were
taken, a Tektronix type P6013 probe was connected to a termi-
nal from the chamber system and to the oscilloscope.
	 A gen-
eral discussion of voltage probing principles has been pre-
sented in the literature 	 (17] and a specific application to
the linear z-pinch is also available
	 [13); accordingly,	 the
emphasis in the present outline will be simp,),y to indicate
the specific probing circuit.
C.2	 EXTERNAL VOLTAGE MEASUREMENTS
The measurement of the total voltage drop across the
chamber (V h	was accomplished as indicated in Fig. C-1. 	 Forc
this case, the voltage probe was connected to the lower elec-
trode of the discharge chamber and to the ground electrode.
13 2,
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The output signal was then Pro portional to the chamber volt-
age:	 I
V	 !L (` 	 ) + IRch 27- dt	 chamber + O insulator	 plasma
C.3	 INNER DIVIDER VOLTAGE MEASUREMENTS
In order to measure the voltage drop across the cur-
rent sheet, a metal rod with ins"lating covering was fitted
through the outer electrode on the chamber axis to contact
the inner electrode at one point (Fig. C-1).
	 The probe was
connected to the axial conducting rod and ground,	 so the cir-
cuit path was through the electrodes and current sheet and
did not include any changing flux within its contours.
	 Ide-
ally the probe output was then proportional to plasma resis-
tance,	 asti
VI	 I plasma
1.3 5
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